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(54) Title: A COLOR VIDEO PRINTER AND A PHOTCKTD SYSTEM WITH INTEGRATED PRINTER 

(57) Abstract 

A color video printer and a photoCD player which 
use a Liquid Ink Fault Tolerant (LIFT) drep on demand 
printing mechanism. The color video printer system 
comprises a video format converter wixich dianges the 
video input format to a form suitable for storage in a 
digital frame store, a digital frame stCHe, an optional 
digital image processing system, a digital halftoning 
unit (preferably using vector error diffusion), a data 
phasing unit, and a concurrent drop selection and drop 
separation printing mechanism using liquid ink. The 
system cfpmtts by capturing a single frame of a video 
signal. This frame is stored in a continuous tone frame 
stne. Hie image may be processed to remove inter- 
fieid motion artifiacts* or to provide various fmns of 
image enhancement When the image is ready to be 
printed, the digital Image contained in the ftaine ston 
is digitally halftoned In leal-tlme and printed by the 
printing head. The PhotoCD player operates in a usual 
manner when viewing digitally encoded photographs on 
a television set or video monitor. When a photpgr^ is 
to be printed, the digitally compressed and encoded data 
is read fsm ttie PhotoCD using a CD-ROM drive. This 
data Is deccsnpressed Into continuous tone raster image 
data, wbidti Is converted to a bi-levd image by digital 
halftoning, and stared bi a bi-level Image memory. The 
contents of the bi-levd image memory can then be printed 
using Che concuntnt drap selection and drop separation 
printing head. 
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A COLOR VIDEO PRINTER AND A PHOTO CD 
SYSTEM WITH INTEGRATED PRINTl^ 

Field of ihc Invcntipn 

The present invration is in the field of computer controlled printing 
5 devices. In particular* the field is thennaUy activated drop on demand (DOD) 
printing systems. 

The present invention is an apparatus for printing color images from 
a video signal. Color video printers can be used to obtain printed images* or 'hard 
copy\ from various video sources. Examples of these sources are still video 

10 cameras, video cassette recorders, video camcorders, security cameras, video 

eqinpped computers, midti-media computers, broadcast television, cable television, 
and video-conferencing systems. Video printers have not yet become a high volume 
consnmo* item. One reason for slow acceptance of video printers is their high price 
relative to their perceived benefit Anotfier reason is that video images typically 

1 5 look poor when printed larger than a 40 mm diagonal. This is due to the low 
resolution of video images. Anodier reason is iht high pxint cost for each image 
printed, as many video printers require special p^pex or Dye Diffusion Thennal 
Transfer (D2T2) sheets. Slow print times have also been a factor in the low market 
acceptance of video printers. The major obstacle in the development of low cost, 

20 high quality video printers has been the lack of a suitable color printing mechanism. 

Eastman Kodak Company of the USA has developed an electronic 
photogn4)h storage and viewing system called PhotoCD. This system uses writable 
CD-ROMs to store digital representations of photographic images. Ihese images 
can be viewed using a television set, or can be transferred to a computer system and 

25 used for such purposes as desktop publishing. Eastman Kodak and ofter 

manufacturers are producing devices intended for the consumer maricet which allow 
the viewing of these digitally stored photographs on domestic television sets. These 
devices are called PhotoCD '^layers^. These players allow the user to view 
photographs on a television set, but should the user require a print of one or more 
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of the images, the PhotoCD must be taken to a suitably equipped photograph 
processing lab. Many consumers are likely to require the ability to make a print 
quickly, and on demand. This feature can be achieved by either connecting or 
incoiporating a digital color printer into the PhotoCD player. However, in the prior 
S art, there exists no color printing technology whidi is sufficiently low in cost and 
high in quali^ to produce a satisfactory soluticm to this problem. 

BacVymimd nf thft Tnvftntjon 

Many diffoent types of digitally controlled printing systems have 
been invented, and many types are currently in production. These printing systems 

10 use a variety of actuation mechanisms, a variety of maxking materials, and a variety 
of recording media. Examples of digital printing systems in current use include: 
laser electrDphotogrq>hic printers; LED electrophotogrq>hic printers; dot matrix 
impact printers; tiiennal paper printers; film recorders; thermal wax printers; dye 
dififiisionthennaltransferpxintafs; and ink jet printers. However, at present, such 

IS electronic printing systems have not significantly replaced mechanical printing 

presses, even thougih this conventional method requires very expensive setup and is 
seldom commerciany viable unless a few diousand copies of a particular page are to 
be printed. Thus, there is a need for improved digitally controlled printing systems, 
for example, being able to produce high quality color images at a high-speed and 

20 low cost, using standard paper. 

Inkjet printing has become recognized as a prominent contender in 
the digitally controlled, electronic printing arena because, e.g., of its non-impact, 
low-noise characteristics, its use of plain paper and its avoidance of toner transfers 
and fixing. 

25 Many types of ink jet printing mechanisms have been invented. 

These can be categorized as either continuous Inkjet (CU) or drop on demand 
(DOD) ink jet Continuous Inkjet printing dates back to at least 1929: Hansell, US 
Pat No. 1,941,001. 

Sweet et al US Pat No. 3,373,437, 1967, discloses an array of 

30 continuous ink jet nozzles where ink drops to be printed are selectively charged and 
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deflected towaids the recording medium. Tias technique is known as binary 
deflection CU, and is used by several manufacturers^ including Elmjet and Scitex. 

Hertz et al US Pat No. 3,416453, 1966, discloses a method of 
achieving variable optical density of printed spots in CU printing using the 

5 electrostatic dispnsion of a charged drop stream to modulate the number of 
droplets which pass through a small aperture. This technique is used in ink jet 
pxinters numufactuied by Iris Graphics. 

Kyser et al US Pat No. 3,946398, 1970, discloses a DOD Inkjet 
printer which qiplies a high voltage to a piezoelectric crystal, causing tfie crystal to 

10 bend, applying pressure on an ink reservoir and jetting drops on demand. Many 
types of piezoelectric drop on demand piinters have subsequently been invented, 
which utilize piezoelectric ay stals in bend mode, push mode, shear mode, and 
squeeze mode. Piezoelectric DOD printers have achieved commercial success using 
hot melt inks (for example, Tektronix and Dataproducts printers), and at image 

IS resolutions up to 720 dpi for home and office printers (Seiko Epson). Piezoelectric 
DOD printers have an advantage in being able to use a wide range of inks. 
However, piezoelectric printing mechanisms usually require complex high voltage 
drive circuitiy and bulky piezoelectric crystal arrays, which are disadvantageous in 
regard to manuf acturability and p^ormance. 

20 Endo et al GB Pat No. 2,(X)7,162, 1979, discloses an electrothermal 

DOD ink jet printer which applies a power pulse to an electrothemial transducer 
Cheater) ^^ch is in tfaemial contact with ink in a nozzle. The heater rapidly heats 
water based ink to a high tmpemture, whereupon a small quantity of ink rapidly 
evaporates, forming a bubble. Hie formation of these bubbles results in a pressure 

25 wave which cause drops of ink to be ejected from small iq)eitttres along the edge of 
the heater substrate. This technology is known as Bubblejet™ (trademaxk of Canon 
K.K. of Ji9>an), and is used in a wide range of printing systnns from Canon. Xerox, 
and other manufacturers. 

Vaught et al US Pat No. 4,490,728, 1982, discloses an 

30 electrothermal drop ejection system which also operates by bubble fomiation. In 
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this system, drops are ejected in a direction normal to the plane of the heater 
substrate, through nozzles formed in an aperture plate positioned above the heater. 
Hiis system is known as Thennal Ink Jet, and is manufactured by Hewlett-Packard 
In this document, the term Thermal Ink Jet is used to refer to both the Hewlett- 

5 Packard system and systems commonly known as Bubblejet™. 

Thermal Ink Jet printing typically requires q>proximate]y 20 over 
a period of q^proximatdy 2 |I5 to eject each drop. The 10 Watt active power 
consumption of each heater is disadvantageous in itself and also necessitates special 
inks, complicates the driver electronics and pr^ipitates deterioration of heater 

10 elements. 

Other ink jet printing systems have also been described in technical 
literature, but are not currently used on a commercial basis. For example, U.S. 
Patent No. 4,275,290 discloses a system wherein the coincident address of 
predetermined print head nozzles with heat pulses and hydrostatic pressure, allows 

IS ink to flow freely to spacer*separated pq)er, passing beneath the print head. U.S. 
Patent Nos. 4,737,803; 4,737,803 and 4,748,458 disclose ink jet recording systems 
wherein the coincident address of ink in print head nozzles with heat pulses and an 
electrostatically attractive field cause ejecdon of ink drops to a print sheet 

Each of the above-described inl^et printing systems has advantages 

20 and disadvantages. However, diere remains a widely recognized need for an 

improved ink jet printing approach, providing advantages for example, as to cost, 
speed, quality, rdiability, power usage, shnplidty of construction and operation, 
durability and consumables. 

STiTfimaTv of thft Invention 
25 My concurrently filed applications, entitled "Liquid Ink Printing 

Apparatus and System" and "Coincident Drop-Selection, Drop-Separation Printing 
Method and Systm" describe new methods and apparatus that afford significant 
improvments toward overcoming the prior art problems discussed above. Those 
inventions offer important advantages, e.g., in regard to drop size and placement 
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accuracy, as to printiog speeds attainable, as to povftt usage, as to durability and 
operative thermal stresses encountered and as to oUxcr printer performance 
characteristics, as well as in regard to manufacturahility and the characteristics of 
useful inks. One important purpose of the present invention is to further enhance 
S the structuies and methods described in those applications and thereby contribute to 
the advancem»t of printing technology. 

The invention provides a color video printer using a drop on demand 
printing head operating on the concurrent drop selection and drop separation 
printing principle. 

10 A prefeired form of die invention provides a color video printing 

apparatus comprising: 

1) a video input fonnat conversion process; 

2) a digital frame store; 

3) a digital halftoning unit which converts the continuous tone iniage data stor^ 
IS in the digital frame store to biOevd image data; 

4) a data distribution and timing system uiiich provides die bi-level image data to 
the printing head at the correct time during a printing operation; and 

5) a bi-level color printing mechanism operating on the concurrent drop selection 
and drop separation printing principle. 

20 A preferred aspect of the invention is that the bi-level printing 

mechanism is a single monolithic concurrent drop selection and drop separation 
printing head which can print to the full width of the photcgr^hic print 

A alternative preferred aspect of die invention is that the bi-level 
printing mechanism is composed of a plurali^ of mcmolithic concuirait drop 
25 selection and drop separation printing heads. 

A prefeired aspect of the invention is that the print paper is in the 
form of pre*cut sheets. 

An alternative preferred aspea of the invention is that the print 
paper is in the form of a continuous roll, and which incorporates an automatic paper 
30 cutter. 
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Another preferred form of the invention is a color video printing 
apparatus comprising: 

1) a video input format conversion process; 

2) a digital fiame store; 

5 3) a digital image processing system; 

4) a digital halftoning imit which converts the continuous tone image data stored 
in the digital frame store to bi-level image data; 

5) a data distribution and timing systrai which provides the bi-levd image data to 
the printing head at the conect time during a printing operation; and 

10 6) a bi-level color printing mechanism operating on the concunmt drop selection 
and drop separation printing principle. 

A preferred aspect of the invention is that the digital image 
processing unit removes inter-fidd motion artifacts from the digital image in the 
frame store. 

15 Another preferred aspect of the invention is that the digital image 

processing tmit reduces image noise in the digital image in ibit frame store. 

Another preferred aspect of die invention is that the digital image 
processing unit digitaUy filters the digital image in the frune store. 

Another preferred aspect of the invention is that the digital image 
20 processing unit comprises a microprocessor or microcomp\ner» interface hardware* 
and image processing software. 

Another preferred form of the invention provides a PhotoCD player 
incorporating a printing apparatus comprising: 
1) a computing element; 
25 2) digital dau storage system; 

3) a CD-ROM drive; 

4) an image decompression system; 

5) a digital halftoning system; 

6) a bi-level image memory; 

30 7) a data distribution and timing system which provides the bi-level image data to 
the printing head at tfie correct time during a printing operation; and 
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8) a bi*level printing mechanism operating on the concurrent drop selection and 
drop separation printing principle. 



5 Brief Pcscription of the Drawings 

Figure 1 (a) shows a simplified block schematic diagram of one 
exemplary printing apparatus according to die presmt invention. 

Figure 1 (b) shows a cross section of one variety of nozzle tip in 
accordance with the inventioiL 
10 Hgures 2(a) to 2(f) show fluid dynamic simulations of drop 

selection. 

Figure 3(a) shows a finite element fluid dynamic simulation of a 
nozzle in opmlion according to an embodiment of the invration. 

Figure 3(b) shows successive meniscus positions during drop 
IS selection and sqparadon. 

Hgure 3(c) shows the temperatures at various points during a drop 
selection cyde. 

Figure 3(d) shows measured surface tension versus temperature 
curves for various ink additives. 
20 Figure 3(e) shows the power pulses which are applied to the nozzle 

beater to generate the temperature curves of figure 3(c) 

Figure 4 shows a block schematic diagram of print head drive 
circuitry for practice of the invention. 

Figure 5 shows projected manufacturing yields for an A4 page width 
25 color print head embodying features of the invention, with and without fault 
tolerance. 

Figure 6(a) shows a simplified schematic diagram of a color video 
printer using a concurrent drop selection and drop separation printing technology. 

Figure 6(b) shows a simplified schematic diagram of a PhotoCD 
30 player incorporating a printer using concurrent drop selection and drop separation 
printing technology. 
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Figure 7(a) shows a top view of major component placement in one 
configuration of the printer. 

Figure 7(b) shows a side view of major component placement in 
one configuration of the printer. 
S Figure 8 shows a perspective view of one possible configuration of 

the printer. 

ni>tatli>H nftscription of Puftferred Embodiments 

According to one feature of the invention, a color video printer uses a drop 
on demand concurrent drop selection and drop separation printing mechanism. 

10 The system consists of a video digitizer, a digital video frame store, an optional 
digital image processing system, a digital halftoning unit, a data phasing unit, and 
a printing mechanism using liquid ink. The print is created in three stages. These 
are an image capture stage, where a single frame of a video signal is digitally 
captured in real-time and stored in a frame store. The second stage is an image 

IS processing stage, which may be implnnented in software and is not required to 
occur in real time. The major functions of this stage are the removal of motion 
between the two fields of the video frame, image enhanconent, and optional image 
^ects. The third stage is printing the image. In this stage continuous tone image 
information from the frame store is digitally halftoned and printed by the printing 

20 head. 

According to another feature of the invention, a user can view 
digitally encoded photographic images on a television set or video monitor. During 
viewing, a television resolution version of the image is read from the HiotoCD, 
stored in soniconductor memory, decompressed, and displayed on the television 
25 monitor. The user can 'browse* through Aese images at will. When the user wishes 
to print one of these images, a high resolution version of the image, also stored on 
the PhotoCD, is accessed. 

This high resolution image is decompressed and converted to a bi- 
level image by vector error diffusion or an alternative form of digital halftoning, and 
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stored in a bi-level image memory. The contents of the bi-level image memory are 
then printed using aUFT printing head 

In one general aspect, the invention constitutes a drop-on-demand 
printing mechanism wherein die means of selecting drops to be printed produces a 
5 difference in position between selected drops and drops uiiich are not selected, but 
which is insufBcient to caxise the ink drops to overcome the ink surface tension and 
separate from the body of ink, and wherein an alternative means is provided to 
cause separation of the selected drops from the body of ink. 

The separation of drop selection means from drop separation means 
10 significantly reduces the energy required to select which ink drops are to be printed 
Only the drop selection means must be driven by iodividual signals to each nozzle. 
The drop sqparation means can be a field or condition applied simultaneously to all 
nozzles. 

The drop sdection means may be chosen from, but is not limited to, 
IS the following list: 

1) Electrothermal reduction of surface tension of pressurized irik 

2) Electrothermal bubble generation, with insufficient bubble volume to cause 
drop ejection 

3) Piezoelectric, with insufficient volume change to cause drop ejection 
20 4) Electrostatic attraction with one electrode per nozzle 

The drop separation means may be chosen from, but is not limited 
to, the following list: 

1) Proximity (recording medium in close proximity to print head) 

2) Proximity with oscillating ink pressure 
25 3) Electrostatic attraction 

4) Magnetic attraction 

The table ^'DOD printiDg technology targets*' shows some desirable 
characteristics of drop on demand printing technology. The table also lists some 
methods by which some embodiments described herein, or in other of my rdated 
30 applications, provide improvements over the prior art 
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DOD printing technology targets 



\ Tai^et 1 


Mediod of achieving improvement over prior art | 


1 TTiolft sneed ODfiratioii 1 


Practical^ low cost, pagewidth printing heads with more 1 
than 1 0,000 nozzles. Monolithic A4 pagewidth print 
heads can be manufactuied using standard 300 mm 1 
(12") silicon wafers 


i Higfh image quality 1 


High resolution (800 dpi is sufficient for most 
Implications), six color process to reduce image noise | 


1 T 1111 coiOF opcr Buun i 


Hfllftnned nracess color at 800 doi usinfi stochastic 1 
screening | 


1 Intr fl^viliilitV 1 
1 XIIK XICjUDlUiy 1 


Low operating tnic temperature and no requirement for 1 
bubble formation | 


1 A>ow power 1 
1 requirements | 


Low nower oneration results from droD selection means 1 
not being required to fiiUy eject drop | 


1 Low cost 


Monolithic print head without aperture plate, high 1 
mn-mi'Tof^tiirinD vifr1<) email tiumhfir of electrical 1 
1 connections, use of modified existing CMOS 1 
1 manufacturing facilities | 


I Higti manuiacmnng 
yield 


1 Inf^oratMl fiaiilt tnlerancfi in nrintinE head 1 


High reUability 


Integrated fault tolerance in printing head. Elimination 1 
1 of cavitation and kogation. Reduction of thenna] shock. | 


Small number of 
1 electrical connections 


1 Shift registers, control logic, and drive circuitry can be | 
1 integrated on a monolithic print head using standard 1 
1 i^MvJd processes | 


1 Use of existing VLSI 
1 manufacturing 
1 facilities 


1 CMOS compatibility. This can be achieved because the I 
j heater drive power is less is than 1% of Themial Ink Jet 

1 heater drive power 


1 Electronic collaticm 


I A new page compression system which can achieve 

100:1 compression with insignificant image 
1 degradation, resulting in a compressed data rate low 
I enough to allow real-time printing of any combination 
1 of thousands of pages stored on a low cost magnetic 
1 disk drive. 



In thcimal ink jet (TU) and piezoelectric ink jet systems, a drop 
velocity of approximately 10 meters per second is preferred to ensure that the 
5 selected ink drops overcome ink surface tension, separate from the body of the ink. 
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and strike the recotding medium. These systems have a very low efficiency of 
conversion of electrical energy into drop kinetic energy. Tht efficiency of TII 
systems is q)proximately 0.02%). This means that the drive circuits for TU print 
heads must switch high cuxients. The drive circuits for piezoelectric ink jet heads 
5 must either switch high voltages, or drive highly capadtive loads. The total power 
consumption of pagewidth TQ printheads is also very high. An 800 dpi A4 full 
color pagewidth TU print head printing a four color black image in one second 
would consume i^oximately 6 kW of electrical power, most of which is 
converted to waste heat The difficulties of removal of this amount of heat 

10 precludes the production of low cost* high speed, high resolution compact 
pagewidth TU systems. 

One important feature of mbodiments of die invention is a means of 
significantly reducing the energy required to select which ink drops are to be 
printed. This is achieved by separating the means for selecting ink drops from the 

IS mettis for ensuring that sdected drops separate from the body of ink and form dots 
on the recording medium. Only the drop selection means must be driven by 
individual signals to each nozzle. The drop separation means can be a field or 
condition applied simultaneously to all nozzles. 

The table **Drop selection means** shows some of the possible means 

20 for selecting drops in accoxdance with the invration. The drop selection means is 
only required to create sufiRdent change in the position of selected drops that the 
drop separation means can discriminate between selected and unselected drops. 



Drop selection means 



Method 


Advantage 


limitation 


1. Electrothermal 
reduction of surface 
tension of 
pressurized ink 


Low temperature 
increase and low drop 
selection energy. Can be 
used with many ink 
types. Simple fabrication. 
CMOS drive dicuits can 
be fabricated on same 
substrate 


Requires ink pressure 
regulating mechanism. Ink 
surface tension must reduce 
substantially as tCTperature 
increases 
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2. Electrothermal 
reduction of ink 
viscosity^ combined 
with osollatmg ink 
pressure 


Medium drop selection 
energy, suitable for hot 
melt and oil based inks. 
Simple fabrication. 
CMOS drive dicuits can 
be fabricated on same 
substrate 


Requires ink pressure 
oscillation mechanism. Ink 
must have a large decrease 
m viscosity as temperature 
increases 


3. Electrothermal 
bubble generation^ 
with insutBcient 
bubble volume to 
cause drop ejection 


Well known technology, 
simple fabrication, 
bipolar drive circuits can 
be fabricated on same 
substrate 


High drop selection energy, 
requires water based ink» 
problems with kogadon, 
cavitation, thermal stress 


4* Piezoelectric, with 
insufiBdent volume 
change to cause drop 
ejection 


Many types of ink base 
can be used 


High manufacturing cost, 
incompatible with 
integrated circuit processes, 
high drive voltage, 
mechanical complexity, 
bulky 


5. Electrostatic 
attraction witfi one 
dectrode per nozde 


Simple electrode 
fabrication 


Nozzle pitch must be 
relatively large. Crosstalk 
between adjacrat electric 
fields. Requires higih 
voltage drive circuits 



Other drop selection means may also be used. 

The preferred drop selection means for water based inks is method 
1: '"Electrothexmal reduction of surface tension of pressurized ib3i\ This drop 
selection means provides many advantages over other systems, including; low 
power operation (approximately 1% of lU), compatibility widi CMOS VLSI chip 
fabrication, low voltage opmtion (qiprox. 10 V), high nozzle den^iy, low 
temperature operation, and wide range of suitable ink formulations. The izxk must 
exhibit a reduction in surface tension with increasing temperature. 

The preferred drop selection means for hot mdt or oil based inks is 
method 2: ''Electrodiermal reduction of ink viscosity, comUned wifli oscillating ink 
piessure*\ This drop selection means is particularly suited for use with inks which 
exhibit a large reduction of viscosity with increasing temperature, but only a small 
reduction in surface tension. This occurs particularly with non-polar ink carriers 
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with relalively high molecular weight This is especially applicable to hot melt and 
oil based inks. 

The table ''Drop separation means*' shows some of the possible 
methods for sq)arating selected drops from the body of and ensming that the 
5 selected drops form dots on the pxinting medium. The drop separation means 

discriminate between setected drops and unsdected drops to ensure that unselected 
drops do not fomi dots on die printing medium. 



Drop separation means 



Means 


Advantage 


Limitation 


1. Electrostatic 
sttractirai 


Can print on rough 
surfaces, simple 
implmientation 


Requires high voltage 
power supply 


2. AC electric fidd 


Ifigher field strength is 
possible than dectrostatic, 
operating margins can be 
increased, ink pressure 
reduced* and dust 
accumulation is reduced 


Requires high voltage AC 
power supply synchronized 
to drop ejection phase. 
Multiple drop phase 
operation is difficult 


3* Proximity 

(print head in dose 
proximity to, but 
not touching, 
recording medinm) 


Very small spot sizes can 
be achieved. Very low 
power dissipation. High 
drop position accuracy 


Requires print medium to be 
very close to print head 
surface, not suitable for 
rough print media, usually 
requires transfer roller or 
bdt 


4. Transfer 
Proximity (print 
head is in dose 
proximity to a 
transfer rcdler or 
bdt 


Very small spot sizes can 
be achieved, very low 
power dissipation, high 
accuracy, can print on 
rough paper 


Not compact due to size of 
transfer roller or transfer 
bdt 


5. Proximity with 
oscillating inlc 
pressure 


Useful for hot melt ixdcs 
using viscosity reduction 
drop selection method, 
reduces possibility of 
nozzle clogging, can use 
pigments instead of dyes 


Requires print medium to be 
very dose to print head 
surface, not suitable for 
rough print media. Requires 
ink pressure osdUation 
apparatus 
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6. Magnetic 


Can print on rough 


Requires uniform high 


attraction 


suifaccs. Low power if 


magnetic field strength. 




pomanent magnets are 


requires magnetic ink 




used 





Other drop separation means may also be used. 
The preferred drop separation means depends upon the intended use. 
For most applications, method 1 : Electrostatic attraction**, or method 2: "AC 

5 electric field" are most appropriate. For applications where smooth coated paper or 
film is used, and very high speed is not essential, method 3: 'Troximity** may be 
appropriate. For high speed, high quality systems, method 4: 'Transfer proximity" 
can be used. Method 6: "Magnetic attraction" is appropriate for portable printing 
systems where the print medium is too rough for proximity printing, and the high 

10 voltages required for electrostatic drop separation are undesirable. There is no clear 
'best* drop separation means iK^iich is applicable to all circumstances. 

Further details of various types of printing systems according to the 
present invention are described in the following Australian patent specifications filed 
on 12 April 1995, the disclosure of which are hereby incoiporated by reference: 

IS 'A Liquid ink Fault Tolerant (LIFT) printing mechanism* (Filing no.: 

PN2308); 

'Electrothennal drop selection in LDFT printing* (Filing no.: PN2309); 
'Drop separation in LIFT printing by print media proximity* (Filing no.: 
PN2310); 

20 'Drop size adjustment in Proximity LIFT printing by varying head to 

media distance* (Filing no.: PN2311); 

'Augmenting Proximity LIFT printing with acoustic ink waves* (Filing 
no.: PN2312); 

'Electrostatic drop separation in LIFT printing' (Filing no.: PN2313); 
25 'Multiple simultaneous drop sizes in Proximity LIFT printing* (Filing no.: 

PN2321); 

'Self cooling operation in thennaDy activated print heads* (Filing no.: 
PN2322);and 
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'Thennal ^^scosity Reduction LIFT printing' (Ffling no.: PN2323). 

A simplified schematic diagram of one preferred printing system 
according to the invention appears in Hgure 1(a). 

An image source 52 may be raster image data from a scanner or 
5 computer* or outline image data in iht form of a page description language (PDL), 
or other forms of digital image representation. This image data is converted to a 
pixel-mapped page image by the image processing system 53. This may be a raster 
image processor (RDP) in the case of FDL image data, or may be pixel image 
manipulation in Ae case of raster image data. Continuous tone data produced by the 
10 inuige processing unit 53 is halftoned. Halftcming is performed by the Diptal 

Halftoning unit 54. Halftoned bitmap image data is stored in the image memory 72. 
Depending upon the printer and systrai configuratiout the image memory 72 may be 
a fiill page memory* or a band memory. Heater ccmtrol dxcuits 71 read data from 
the image memoiy 72 and apply time-vaiying electrical pulses to the nozzle heaters 
15 (103 in figure 1(b)) that are part of the print head 50. These pulses are applied at an 
appropriate time, and to the appropriate nozde, so that selected drops will form 
spots on the recording medium 51 in the appropriate position designated by the data 
in the image memory 72. 

The recording medium 51 is moved relative to the head 50 by a 
20 paper transport system 65, which is dectronicaUy controlled by a paper transport 
control system 66, which in turn is controlled by a microcontroller 315. The paper 
transport system shown in figure 1(a) is sctematic only, and many different 
medianical configurations are possiUe. In the case of pagewidth print beads, it is 
most convenient to move the recording medium 51 past a stationary head 50. 
25 However, in the case of scaiming print systems, it is usually most convenient to 
move the head 50 along one axis (the sub-scanning direction) and the recording 
medium 51 along die c^ogonal axis (the main scanning direction), in a rdative 
raster motion. The microcontroller 315 may also control the ixsk pressure regulator 
63 and the heat^ control drcuits 71. 
30 For printing using surface tension reduction, ink is contained in an 

ink reservoir 64 under pressure. In the quiescent state (with no ink drop ejected). 
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the ink pressure is insufficient to overcome the ink surface tension and eject a drop. 
A constant ink pressure can be achieved by applying pressure to the ink reservoir 64 
under the control of an ink pressure regulator 63. Alternatively* for largo* printing 
systems, the ink pressure can be very accurately generated and controlled by 
S situating the top surface of the ink in the reservoir 64 an impropriate distance above 
the head 50. This ink level can be regulated by a simple float valve (not shown). 

For printing using viscosi^ reduction, ink is contained in an ink 
reservoir 64 under pressure, and the ink pressure is caused to oscillate. The means 
of producing this oscillation may be a piezoelectric actuator mounted in the ink 
10 channels (not shown). 

Wh«i properly arranged with the drop separation means, selected 
drops proceed to form spots on the recording medium 51, while unselected drops 
remain part of the body of ink. 

The ink is distributed to the back surface of the head 50 by an ink 
IS channel device 75. The ink preferably flows through slots and/or holes etched 

through the silicon substrate of the head 50 to the front surface, where the nozzles 
and actuators are situated. In the case of thermal selection, the nozzle actuators are 
electrothermal heaters. 

hx some types of printers according to the invention, an extemal field 
20 74 is required to ensure that the selected drop separates from the body of the ink 
and moves towards the recording medium 51. A convenient external field 74 is a 
constant electric field, as the ink is easily made to be electrically conductive. In this 
case, the paper guide or platen 67 can be made of electrically conductive material 
and used as one electrode generating the electric field. The other electrode can be 
25 the head 50 itself. Another embodimmt uses proximity of the print medium as a 
means of discriminating between selected drops and unselected drops. 

F6r small drop sizes gravitational force on the ink drop is very small; 
s^proximately ICT* of the surface tension forees, so gravitjr can be ignored in most 
cases. This allows tfie print head 50 and recording medium 5 1 to be oriented in any 
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direction in leladon to the local gravitational field. This is an important requirement 
for portable printers. 

Hguie 1 (b) is a detail enlargement of a cross section of a single 
microscopic nozzle tip embodiment of die invention, fabricated using a modified 

5 CMOS process. The nozzle is etched in a substrate 101, which may be dlicon, 
glass, metal, or any other suitable material. If substrates which axe not 
semiconductor materials are used, a semiconducting material (such as amorphous 
silicon) may be deposited on the substrate, and integrated drive transistors and data 
distribution drcoitiy may be formed in the surface suniconducting layer. Singjle 

10 crystal silicon (SCS) substrates have several advantages, including: 

1) High perfonnance drive transistors and other circuitry can be fabricated in 
SCS; 

2) Print heads can be fabricated in existing facilities (fabs) using standard VLSI 
processing equipment; 

15 3) SCS has high mechanical strength and rigidly and 
4} SCS has a high thermal conductivity. 

b this example, the nozde is ofcylixidrical form, with the heater 103 
forming an annuhis. The nozde tip 104 is fomied from silicon dioxide layers 102 
deposited during the f abricaticm of the CMOS drive drcoitry. The nozzle tip is 

20 passivated with silicon nitride. The protruding nozzle tip controls the contact point 
of the pressxirized ink 100 on the print head surface. The print head surface is also 
hydrophobized to prevent accidental spread of ink across the front of the print head. 

Many otfier configurations of nozzles are possible, and nozzle 
embodiments of the invention may vary in sh^, dimensions, and materials used. 

25 Monolithic nozzles etched from the substrate upon which the heater and drive 
electronics are formed have the advantage of not requiring an orifice plate. The 
elimination of the orifice plate has significant cost savings in manufacture and 
assembly. Recent methods for eliminating orifice plates include the use of Srortex* 
actuators such as those described in Domoto et al US Pat No. 4,580,158, 1986, 

30 assigned to Xerox, and Miller et al US Pat No. 5,371,527, 1994 assigned to 

Hewlett-Padcard. These, however are complex to actuate, and difficult to fabricate. 
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The prcfened method for elimination of orifice plates for print heads of the 
invention is incorporation of the orifice into the actuator substrate. 

This type of nozzle may be used for print heads using various 
techniques for drop separation. 

S Operation with Electrostatic Drop Separation 

As a first example* operation using thermal reduction of surface 
tension and electrostatic drop separation is shown in figure 2. 

Figure 2 shows tiie results of energy transport and fluid dynamic 
simulations peif omied using HDAP* a commercial fluid dynamic simulation 

10 software package available from Fluid Dynamics Inc., of Dlinois, USA. This 

simulation is of a thermal drop selection nozzle embodiment widi a diameter of 8 
pm, at an ambient temperature of 3(fC. The total energy applied to the heater is 
276 xJ» applied as 69 pulses of 4 nJ each. The ink pxessure is lOkPa above ambient 
air pressure, and the ink viscosity at 30*^C is 1.84 cPs. The ink is water based, and 

15 includes a sol of 0.1% palmitic add to achieve an enhanced decrease in surface 
trasion with increasing tempmtuie. A cross section of the nozzle tip from the 
central axis of the nozzle to aradial distance of 40 ^m is shown. Heat flow in the 
various materials of the nozzle, including silicon, silicon nitride, amorphous silicon 
dioxide, crystalline silicon dioxide, and water based ink are simulated using the 

20 respective densities, heat capacities, and thermal conductivities of the materials. The 
time step of the simulation is 0.1 \xs. 

Figure 2(a) shows a quiescent state, just before the heater is 
actuated. An equilibrium is created whereby no ink escapes the nozzle in the 
quiescent state by ensuring that Ae ink pressure plus external electrostatic field is 

25 insufBdrat to overcome the surface trasion of the ink at the ambient temp^ature. 
Jn the quiescmt state, the mraiscus of the ink does not protrude significantly from 
the print head surface, so the electrostatic field is not significantly concentrated at 
the meniscus. 
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Hgure 2(b) shows thennal contours at S^C intervals 5 \is after the 
start of the heater energi2dng pulse. When the heater is energized^ the ink in contact 
with the nozzle tip is rapidly heated. The r^uction in surface tension causes the 
heated portion of the meniscus to rapidly expand relative to the cool ink meniscus. 

S This drives a convective flow which r^idly transports this heat over part of the free 
surface of the ink at the nozzle tip. It is necessary for the heat to be distributed over 
the ink surface* and not just where the ink is in contact with the heater. This is 
because viscous drag against the solid heater pievents the ink diiecdy in contact 
with the heater from moving. 

10 Figure 2(c) shows thermal contours at S^'C intervals 10 |jls after the 

start of die htata energiadng pulse. The increase in temperature causes a decrease 
in surface tension, disturbing the equilibrium of forces. As the entire meniscus has 
be» heated* the ink begins to flow. 

Figure 2(d) shows thermal contours at 5°C intervals 20 \xs after the 

15 start of the heater energizing pulse. The ink pressure has caused the ink to flow to a 
new meniscus position, which protrudes from the print head. The electrostatic field 
becomes concentrated by the protruding conductive ink drop. 

Figure 2(e) shows thennal contours at 5^C intervals 30 |is after the 
start of the heater energizing pulse* which is also 6 ^ after the end of the heater 

20 pulse, as the heater pulse duration is 24 ^s. The nozzle t^ has rapidly cooled due to 
conduction dirough die oxide layers, and conduction into the flowing ink. The 
nozzle tip is effectively 'water cooled* by the ink. Electrostatic attraction causes the 
ink drop to begin to accelerate towards the recording medium. Were the heater 
pidse significantly shorter Qess Aan 16 ^s in this case) the ink would not accelerate 

25 towards the print medium, but would instead return to the nozde. 

Figure 2(f) shows thermal contours at 5^C intervals 26 \xs after the 
end of the heater pulse. The temperature at the nozzle tip is now less than 5X 
above ambient temperature. This causes an increase in surface tension around the 
nozzle tip. V/ben the rate at which the ink is drawn from die nozzle exceeds the 

30 viscously limited rate of ink flow duough die nozzle, the ink in the region of the 
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nozade tip 'secks\ and the sdected drop separates from the body of ink. The 
selected drop then travels to the recording medium under the infhience of the 
external electrostatic field. The meniscus of the ink at the nozzle tip then returns to 
its quiescent position, ready for the next heat pulse to select the next ink drop. One 

5 ink drop is selected* separated and forms a spot on the recoiding medium for each 
heat pulse. As the heat pulses aie electrically controlled, drop on demand ink jet 
opmtion can be achieved. . 

Figure 3(a) shows successive meniscus positions during the drop 
selection cycle at 5 ^s intervals, starting at the beginning of the heater mergizmg 

10 pulse. 

Figure 3(b) is a graph of meniscus position versus time, showing the 
movemrat of the point at the centre of the mraiscus. The heater pulse starts 10 |is 

into the simulation. 

Hgure 3 (c) shows the resultant curve of temperature with respect to 

IS time at various points in flie nozzle. The vertical axis of the gjrzph is temperature* in 
units of l(Xy*C. The horizontal axis of the graph is time, in units of 10 |is. The 
temperature curve shown in figure 3(b) was calculated by FIDAP, \ising 0.1 \is time 
5tq>s. The local ambient temperature is 30 degrees C. T^perature histories at 
three points are shown: 

20 A - Nozzle tip: This shows the temperature history at the circle of 

contact between the passivation layer* the ink* and air. 

B - Memscm inidpoint: This is at a circle on the iiik monscus 

midway between ifae nozzle tip and the centre of the meniscus. 

C - Chip surface: This is at apoint on the print head surface 20 ^m 
25 fit>m the centre of the nozzle. The temperature only rises a few degrees. This 
indirft^^^ that active circuitry can be located very close to the nozzles without 
experiencing performance or lifetime degradation due to elevated temperatures. 

Figure 3(e) shows the power applied to the heater. Optimum 
operation requires a sharp rise in tonperature at the start of the heater pulse* a 
30 maintenance of the temperature a litde below the boiling point of the ink for the 
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duration of the pulse, and a ispii fall in temperature at the end of the pulse. To 
achieve this, the average energy zpphed to die heater is varied over die duration of 
the pulse. In this case, die variation is achieved by pulse frequency modulation of 
0. 1 |is sub-pulses, each widi an energy of 4 nJ. The peak power applied to the 

5 heater is 40 mW, and the average power over the duration of the heater pulse is 
1 1.5 mW. The sub-pulse frequency in this case is 5 Mhz. This can readily be varied 
without significantly affecting the operation of the print head. A higher sub-pulse 
frequency allows finer control over the power applied to the heater A sub-pulse 
fi-equmcy of 13.5 Mhz is suitable, as this frequency is also suitable for fti4nimiyf n g 

10 the effect of radio frequency interference (RFI). 

Inks widi a negative temnerature coefficient nf mrfticft tp.tirinTi 

The requirement for the surface tension of the ink to decrease with 
increasing temperature is not a major restriction, as most pure liquids and many 
mixtures have this prc^eity. Exact equations relating surface tension to temperature 
15 for arbitrary liquids are not available. However, die foUowing empirical equation 
derived by Ramsay and Shidds is satisfactory for many liquids: 




Where Yris the surface tension at temperamre T.kisz. constant, Tc is 
the critical temperature of the liquid, ilf is the molar mass of die liquid,x is die 

20 degree of association of the liquid, and p is the density of the liquid. This equation 
indicates diat the surface t^ision of most liquids falls to zero as die temperature 
reaches the critical temperature of the liquid. F6r most liquids, the critical 
temperature is substantially above the boiling point at atmospheric pressure, so to 
achieve an ink with a large change in surface tension widi a small change in 

25 temperature around a practical ejection temperature, the admixture of surfactants is 
recommended. 
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The choice of surfactant is important For examplCr water based ink 
for thermal ink jet printers often contains isopropyl alcohol (2-propanol) to reduce 
the surface tension and promote rapid drying. Isopropyl alcohol has a boiling point 
of 82,4'*C, lower than that of water. As the temperature rises, the alcohol 

5 evaporates faster than the water, decreasing the alcohol concentration and causing 
an increase in surface tensioxL A surfactant such as 1-Hexanol (b.p. ISS^'C) can be 
used to reverse this effect, and achieve a surface tension which decreases slighdy 
with temperature. However, a relatively large decrease in surface tension with 
temperature is desirable to maximize operating latitude. A surface tension decrease 

10 of 20 mN/m over a SOX traiperature range is preferred to achieve large operating 
margins, while as little as lOmN/m can be used to achieve operation of the print 
head according to the present inventioiL 

TnVsVitli Large 'AYi 

Several mediods may be used to achieve a large negative change in 
15 surface tensiim with increasing tonperature. Two such methods are: 

1) The ink may contain a low concentration sol of a surfactant which is solid at 
ambient temperatures, but melts at a threshold temperature. Particle sizes less 
than l,OOOAare desirable. Suitable surfactantmelting points forawater based 
ink are between 50X and 90*C and preferably between 60X and 80*C 
20 2) The ink may contain an oil/water microcmulsion with a phase inversion 
temperature (PIT) which is above the maximum ambimt temperature, but 
below the boiling point of theint For stabiHty, the PIT of the microcmulsion 
is preferably 20''C or more above the maximum non-operating tempemture 
encountered by the ink. A PIT of approximately 80X is suitable. 

25 TnVs with fSuTfartflnt Sols 

Inks can be prepared as a sol of small particles of a surfactant which 
melts in the desired operating temperature range. Examples of such surfactants 
include carboxyKc adds with between 14 and 30 carbon atoms, such as: 
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Name 


F rmula 


nup. 


Syn nym 


Tetradecanoic add 




58^C 


Myristicadd 


Hexadecanoic add 


CH,(CH3),,COOH 




Palmitic add 


Octadecanoic add 


CH3(CH,),3COOH 


7rc 


Stearic add 


Eicosanoic add 




7TC 


Arachidic add 


Docosanoic add 


CH,(ay«COOH 


80^C 


Behenic add 



As the meltiDg point of sols wi A a small panicle f fir - is usually 
slightly less than of the bulk material, it is preferable to choose a cari>oxylic add 
witf) a melting point slightly above the desired drop selection temperature. A good 

5 example is Arachidic add. 

These carboxylic adds are available in high puriQr and at low cost 
The amount of surfactant required is vexy small* so the cost of adding them to the 
ink is insignificant A mixture of carboxylic adds with slightly varying chain lengths 
can be used to spread the mdting points over a range of tmperatures. Sudi 

10 mixtures will typically cost less than the pure add. 

It is not necessary to lestriathe choice of surfactant to simple 
unbranched carboxylic adds. Surfactants widi branched chains or phenyl groups, or 
other hydrophobic moieties can be used. It is also not necessary to use a carboxylic 
add. Many highly polar mdeties are suitable for tbc hydrophilic end of the 

1 5 surfactant It is desirable that the polar end be ionizable in water, so that the surface 
of the surfactant particles can be charged to aid dispersion and prevent fiocculatioa 
In the case of carboxylic adds, this can be achieved by adding an alkali such as 
sodium hydroxide or potassium hydroxide. 

Prenaration of Inks with SurfaetaTit Solg 
20 Hie surfactant sol can be prepared separatdy at high concentration, 

and added to the ink in the required concentration. 

An example process for creating the surfactant sol is as follows: 
1) Add the carboxylic acid to purified water in an oxygen free atmosphm. 
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2) Heat the mixture to above the melting point of the carboxylic acid. The water 
can be brought to a boiL 

3) Ultrasonicate the mixture, until the typical size of the carboxylic add droplets 
is between lOOA and 1,000A. 

5 4) Allow the mixture to cool. 

5) Decant the larger particles from the top of the mixture. 

6) Add an alkali such as NaOH to ionize die carboxylic acid molecules on the 
surface of the particles. A pH of approximately 8 is suitable. This step is not 
absolutely necessary, but helps stabilize the soL 

10 7) Centrifuge the sol. As the density of the carboxylic acid is lower than water, 
smaller particles will accumulate at the outside of the centrifuge, and larger 
particles in the centre. 
8) Hlter the sol using a microporous filter to eliminate any particles above 5000 
A. 

IS 9) Add the surfactant sol to the ink preparation. The sol is required only in very 
dilute concentration. 

The ink preparation wiU also contain either dye(5) or pigment(s), 
bactericidal agents, agmts to ohance the electricsd conductivity of die ink if 
electrostatic drop 5q)aration is used, himiectants, and other agents as required. 
20 And-foaming agents win generaDy not be required, as there is no 

bubble fomiation during the drop ejecdon process. 

Cationic surfaciam 8q1s 

Inks made with anionic surfactant sols are genmlly unsuitable for 
use with cationic dyes or pigments. This is because the cationic dye or pigment may 
25 precipitate or flocculate with the anionic surfactant. To allow the use of cationic 

dyes and pigments, a cationic surfactant sol is required. The family of alkylamines is 
suitable for this purpose. 

Various suitable alkylamines are shown in the following table: 
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Name 


Formula 


Sjnnoiiym 


Hexadecylamine 


CH,(CH,)„avra, 


PalnUtyl amine 


Octadecylamine 


CH,(CH^,,ayW, 


Stearyl amine 


Eicosylamine 


CH,(CH^,,CH,NH, 


Arachidyl amine 


Docosylamine 


CH,(CH^^CH,NH, 


Behenyl amine 



The metfiod of pr^aradon of caiionic surfactant sols is essentially 
similar to that of anionic surfactant sols» except tiiat an add instead of an alkali is 
5 used to adjust the pH balance and increase the charge on the surfactant particles. A 
pH of 6 using HQ is suitable. 



MiCTOgmulfrinn Ba^rrd Tnta 

An alternative means of achieving a large reduction in surface 
tension as some temperatuic threshold is to base the ink on a microemulsion. A 

10 microemulsion is chosm with a phase inversion temperature (FIT) around the 

desired ejection threshold temperature* Below the PIT, the microemulsion is oil in 
water (O/W), and above the PIT the microemulsion is water in oil (W/O). At low 
temperatures, the surfactant f onooing the microonulsion prefers a high curvature 
surface around oil, and at temperatures significantly above the PIT, the surfactant 

15 prefers a high curvature surface around water. At temperatures close to the PIT, the 
microonulsion forms a continuous 'sponge* of topologically comiected water and 
QiL 

There are two mechanisms whereby this reduces the surface tension. 
Around the PIT, tfie surfactant prefers surfaces with veiy low curvature. As a 
20 result, surfactant molecules migrate to tfie ink/air interface, which has a curvature 
which is much less than the curvature of tiie oil emulsion. This lowers the surface 
tension of die water. Above the phase inversion temperature, the microemulsion 
changes from O/W to W/O, and therefore the ink/air intoface changes from 
watei/air to oil/air. The oil/air interface has a lower surface tensioiL 
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There is a wide range of possibilities for the preparation of 
nucroemnlsion based inks. 

For fast drop ejection, it is preferable to chose a low viscosity oil. 
In many instances, water is a suitable polar solvent However* in 
5 some cases different polar solvents may be leqidied. In these cases^ polar solvents 
with a high surface tension should be chosm« so that a large decrease in surface 
tension is achievable. 

The surfactant can be chosen to result in a phase inv^on 
temperature in the desired range. F6r example* surfactants of the group 
10 pQly(oxyethylene)aIkylphenyl ether (ethoxylated alkyl phenols, general formula: 
CJ%»«iC4H6(CH2CH20)bOH) can be used. Ihe hydrophilicity of the surfactant can 
be increased by increasing m, and the hydrophobid^ can be increased by increasing 
tL Values of m of approximately 10, and n of approximately 8 are suitable. 

Low cost commerdal preparations are the result of a polymerization 
IS of various molar ratios of ethylene oxide and alkyl phenols, and the exaa number ci 
oxyethylene groups varies around the chosen mean. These commercial preparations 
are adequate, and highly pure surfactants with a specific number of oxyethylene 
groups are not required. 

The formula for this surfactant is C8Hi7C4H6(CH2CH20}bOH 
20 (average n=10). 

Synonyms include Octoxynol^lO, PEG- 10 octyl phenyl ether and 
POE (10) octyl phmyl ether 

The HLB is 13.6, the mdting point is T^'C, and the cloud point is 

25 Commercial preparations of this surfactant are available under 

various brand names. Suppliers and brand names are listed in the following table: 
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TVadename 


Supplier 


Akyporox OPIOO 


Chcm-Y GmbH 


Alkasurf OP-10 


Rhone-Poulenc Surfactants and Specialties 


DehydrophenPOP 10 


Pulcra S A 


Hyonic OP-10 


Hehkel Corp. 


Iconol OP-10 


BASF Corp. 


Igepal O 


Rhone-Poulenc France 


Macol OP-10 


PPG Industries 


Malorphen 810 


HulsAG 


Nikkol OP-10 


NikkoChem.Co.Ltd. 


Renex 750 


ICI Americas Inc. 


Rexol 45/10 


Hart Chemical Ltd. 


Synperonic OPIO 


laPLC 


TeiicXlO 


ICI Australia 



These are available in large v olinnes at low cost O^ss than one dollar 
per pound in quantity)* and so contribute less than 10 cents per liter to prepared 
5 microemulsion ink with a 5% surfactant concentration. 

Other suitable ethoxylated alkyl phenols include those listed in the 
following taUe: 



Trivial name 


Formula 


HLB 


Cloud point 


Nonoxynol-9 


C^„C,H,(CH,CH,0)^OH 


13 


54'"C 


Nonoxynol-10 


C^.,C^(CH,CH,0).„OH 


13.2 


62»C 


Nonoxynol-11 


C^.,C,He(CH,CH,0).„OH 


13.8 


72'C 


Nonoxynol-12 


C^„C,H.(CH,CH,0).„OH 


14.5 


81»C 


Octoxysol-9 




12.1 


61'C 


OctoxynoMO 


C^„C,H.{CH,CH,0).,oOH 


13.6 


es^c 


Octoxynol-12 


C^„C,H.(CH,CH,0).,PH 


14.6 


88»C 


Dodoxynol-10 


C.^C,H,(CH,CH,0)...OH 


12.6 


42'C 
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Dodoxynol-ll 


C,^C,H,(CH,CH,0).„OH 


13.5 


56"C 


DodoxyDol-14 


C.A,C,H.(CH,CH,0).„OH 


14.5 


87"C 



Microemulsioii based inks have advantages other than surface 
tension control: 

1) Microemulsions are tfaermodynamically stable* and will not separate. 

5 Therefore, the storage time can be vety long. This is especially significant for 
office and portable printers, which may be used sporadical]^. 

2) The microcmulsion will form spontaneously with a particular drop size, and 
docs not require extensive stirring* centrifuging, or filtering to ensure a 
particular range of miulsified oil drop sizes. 

10 3) The amount of oil contained in the ink can be quite high, so dyes which are 

soluble in oil or soluble in water, or both, can be used. It is also possible to use 
a mixture of dyes, one soluble in water, and the other soluble in oil, to obtain 
specific colors. 

4) Oil miscible pigments are prevented from flocculating, as they are trapped in 
IS the oil microdroplets. 

5) The use of a microcmulsion can reduce the mixing of different dye colors on 
the surface of the print medium. 

6) The viscosity of microemulsions is very low. 

7) The requirement for humectants can be reduced or eliminated. 

20 Py^^ ^rxd piffni>tit5; in microffmiilrioTi hasrd inks 

Oil in water mixtures can have high oil contents - as high as 40% - 
and still f orai O/W microemulsions. This allows a high dye or pigment loading. 

Mixtures of dyes and pigments can be used. An example of a 
25 ndcroemulsion based ink mixture with both dye and pigment is as follows: 

1) 70% water 

2) 5% watu* soluble dye 

3) 5% suxfactant 
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4) 10% oU 

5) 10% oil miscible pigment 

The foOowing table shows the nine basic combinatians of colorants 
in the oU and water phases of die microemulsion that may be used. 

5 



Combination 


Colorant in wator phase 


Colorant in oil phase 


1 


none 


oil misdble pigment 


2 


none 


oil soluble dye 


3 


water soluble dye 


none 


4 


water soluble dye 


oil miscible pigment 


5 


water soluble dye 


oil soluble dye 


6 


pigment dispersed in water 


none 


7 


pigment dispersed in water 


oil miscible pigment 


8 


pigment dispersed in water 


oil soluble dye 


9 


none 


none 



The ninth combinai]on» with no colorants, is useful for printing 
transparent coatings, UV ink, and selective gloss highlights. 

As many dyes are ampUphilic, large quantities of dyes can also be 
10 sdubilized in the oil-water boundary layer as this layer has a very large surface area. 

It is also possible to have multiple dyes or pigments in each phase, 
and to have a mixture of dyes and pigments in each phase. 

When using multiple dyes or pigments the absorption spectrum of 
the resultant ink will be the weighted average of the absorption spectra of the 
IS different colorants used. This presents two problems: 

1) The absorption spectrum will tend to become broader, as the absorption peaks 
of both colorants are averaged. This has a tendency to 'muddy' the colors. To 
obtain brilliant color, careful choice of dyes and pigments based on their 
absorption spectra, not just their human-percqitible color, needs to be made. 
20 2) Thecoloroftheinkmay be different on different substrates. If a dye and a 
pigment are used in combination, the color of the dye will tend to have a 
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smallcr contribution to the printed ink color on more absorptive papers, as the 
dye will be absorbed into the paper, while the pigment will tend to 'sit on top* 
of the paper* This may be used as an advantage in some circumstances. 

fSiirfartatitjg with a Krafff pnint in the drop selection temperature ranee 
5 For ionic surfactants there is a temperature (the Krafft point) below 

which the solubility is quite low, and the solution contains essentially no micelles. 
Above the Krafft temperature micelle fomation becomes possible and there is a 
rapid increase in solubility of the surfactant If the critical micelle concentration 
(CMC) exceeds the solubili^ of a surfactant at a particular temperature, then the 
10 minimmn surface tenston will be adiieved at Ae point of maximum solubility, rather 
than at the CMC Surfactants are usually much less effective below the Krafft point 
This factor can be used to achieve an increased reduction in surface 
tension widi increasing temperature. At ambient tnnperatures, only a portion of the 
surfactant is in solution. Whra the nozde heater is turned cm, the temperature rises, 
IS and more of the surfactant goes into soludon, decreasing the surface tension. 

A surfactant should be chosen with a Krafft point which is near die 
top of the range of temperatures to which the ink is raised . This gives a maximum 
margin between the concentration of surfactant in solution at ambioit temperatures, 
and the concentration of surfactant in solution at the drop selection temperature. 
20 The concentration of surfactant should be approximately equal to the 

CMC at the Krafft point In this maimer, the surface tension is reduced to the 
maximum amount at elevated temperatures, and is reduced to a minimum amount at 
ambient temperatures. 

The following table shows some commercially available surfactants 
25 with Krafft points in the desired range. 
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X Ua UJUJtf 




C,^SO,-Na* 






70-C 


c,;ei„so,w 


45»C 


Na*-0,S(CH^„SO,-Na* 


44.9«'C 


irO,S(CH,)„SO,-K* 


55"C 




60.8'C 



Surfactants with a cloud pnint in the drop selectjnti temperatum rmpa 

Non-ionic sutfactants using polyoxyethylene (POE) chains can be 
used to create an ink where the surface tension falls with increasing temperature. At 
5 low tempmtures, the POE chain is hydrophilic* and Tnaintaing the surfactant in 

solution. As the temperature increases, the structured water around the POE section 
of the molecule is disrupted, and the POE section becomes hydrophobic. The 
surfactant is increasingly rejected by the water at higher temperatures, resulting in 
increasing concentration of stirfactant at the airAnk interface, thereby lowering 
10 surface tension. The temperature at which the POE section of a nonionic surfactant 
becomes hydrophific is related to die cloud point of that surfactant POE chains by 
themselves are not particularly suitable, as the cloud point is generally above lOOX 

Pdlyoxypropylene (POP) can be combined with POE in POE/POP 
block copolymers to lower the cloud point of POE chains without introducing a 
15 strong hydrophobidty at low temperatures. 

Two main configuratians of symmetrical POE/POP block 
copolymers are available. These are: 

1) Surfactants with POE segments at the ends of the molecules, and a POP 
segment in the centre, such as the poloxamer class of surfactants (generically 

20 CAS 9003-1 1-6) 

2) Surfactants with POP segments at the ends of the molecules, and a POE 
segment in the centre, such as the meroxapol class of surfactants (goierically 
also CAS 9003*11-6) 
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Some commercially available varieties of poloxamcr and merox^ol 
^th a high surface tension at room traiperature, combined with a cloud point 
above AO^'C and below lOO^C are shown in the following table: 



Trivial name 


BASF Trade 
name 


Formula 


Surface 
Tension 

(niNAn) 


Cloud 
point 


Meroxapol 
105 


Pluronic 
1QR5 


HO(CHCH,CH,0).,- 

(CILCILO)^- 

(CHCH,CH,0).,OH 


50.9 


69»C 


Meroxapol 
108 


Pluronic 
10R8 


HO(CHCH,CH,0).,- 

(CH,CH,0)^.- 

(CHCH,CH,0).,OH 


54.1 


99»C 


Meroxapol 
178 


Pluronic 
17R8 


HO(CHCH,CH,0).„- 

(CH,C3i,0)^„- 

(CHCH,CH,0).„OH 


47.3 


si-c 


Meroxapol 
2S8 


Pluronic 
2SR8 


HO(CHCH,C31,0).„- 

(CH,CH,0).,„- 

(CHCH,CH,0).„OH 


46.1 


80-C 


Poloxamer IDS 


Pluronic L35 


HO(CH,CH,0).„- 

(chch,ch;o)^,- 

(CH,CH,0).„OH 


48.8 


77*C 


Poloxamer 124 


Pluronic L44 


HO(CH,CH,0).„- 
(CHCH,CH,OU- 
(CH,CH,0).„OH 


45.3 


65»C 



Other varieties of poloxamer and meroxapol can readily be 
synthesized using wdl known techniques. Desirable characteiisdcs are a room 
temperature surface t^on which is as high as possible, and a cloud point between 
40**C and lOO^^C, and preferably between 60**C and 80"C. 
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Mcroxapol IHO(CHCH3CH20MCH2CH20)y(CHCH3CH20)zOH] 
varieties where the average x and z are ^proximately 4, and the average y is 
q)praxiinately IS may be suitable. 

If salts are used to increase the electrical cdnductivi^ of the ink* 
5 ihen the effect of this salt on tfie cloud point of the surfactant should be considered. 

The cloud point of POE surfactants is increased by ions that disrupt 
water structure (such as F)* this makes more water molecules available to form 
hydrogen bonds with the POE oxygen lone pairs. The cloud point of POE 
surfactants is decreased by ions that form water structure (such as d\ OIT), as 
10 fewer water molecules are available to form hydrogen bonds. Bromide ions have 
relatively little efTecL The ink composition can be *tuned' for a desired temperature 
range by altering the lengths of POE and POP chains in a block copolymer 
surfactant, and by changing the choice of salts (e.g CT to Bf to F) that are added to 
increase electrical conductivi^. NaQ is likely to be the best choice of salts to 
IS increase ink conductiviiy, due to low cost and non-toxidty. NaQ slightly lowers the 
doud point of nonionic surfactants. 

HmMftUTnlm 

Tlie ink need not be in aliquid state at room temperature. Solid 'hot 
meh' inks can be used by heating the priiiting head and ink reservoir above the 
20 melting point of the ink. The hot mdt ink must be formulated so that the surface 
tension of the molten ink decreases with temperature. A decrease of approximately 
2 mN/m will be typical of many such prqiarations usbig waxes and other 
substances. However, a reduction in surface tmsion of i^roximatdy 20 mN/m is 
desirable in order to achieve good operating margins when relying on a reduction in 
25 surface trasion radier than a reduction in viscosity. 

The temperature difference between quiescent temperature and drop 
selection temperature may be greater for a hot melt ink than for a water based irik« 
as water based inks are constrained by the boiling point of the water. 

The ink must be liquid at the quiescent temperature. The quiescent 
30 temperature should be higher than the highest ambient temperature likely to be 
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encountered by the printed page* T he quiescent temperature should also be as low 
as practical, to reduce the power needed to heat the print head, and to provide a 
iTiftTimmn margin between the quiescent and the drop ejection temperatures. A 
quiescent temperature between 60^C and 90**C is generally suitable, though other 
5 temperatures may be used. A drop ejection temperature of between 160^C and 
200X is generaDy suitable. 

There are several methods of achieving an enhanced reduction in 
surface tension with increasing temperature. 

1) A dispersion of microfine particles of a surfactant with a mdting point 

10 substantially above the quiescent temperature, but substantially below the drop 
ejection temperature, can be added to the hot melt ink while in the liquid 
phase. 

2) A polar/non-polar microemulsion with a PIT which is preferably at least 20X 
above the melting i>oints of both the polar and non-polar compounds. 

To achieve a large reduction in surface tension vnik tanperature, it 
is desirable diat the hot melt inik canior have a relativdy large surface tension 
(above 30 mN/m) when at the quiescrat temperature. This generally excludes 
aDcanes such as waxes. Suitable materials will generally have astrong intermolecular 
attraction, vMdh may be achieved by multiple hydrogen bonds, for example, 
polyols, such as Hexanetetrol, which has a melting point of 88*t::. 

Siirfarft tetisioTi rednrtinTi of various solutions 

Figure 3(d) shows die measured e£fect of temperature on the surface 
tension of various aqueous preparations containing the following additives: 

1) 0.1% sol of Stearic Acid 

2) 0.1% sol of Palmitic add 

3) 0.1% solution of Phironic 10R5 (trade maik of BASF) 

4) 0. 1 % solution of Pluronic 135 (trade mark of BASF) 

5) 0. 1 % solution of Pluronic L44 (trade mark of BASF) 



15 



20 



25 
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Inks suitable for printing systems of fte present invention are 
described in the following Australian patent spedficatioDS, the disdosuie of which 
are hereby incoiporated by reference: 

*Ink composition based on a microemulsion' (Filing no.: PN5223, filed on 
5 6 September 1995); 

'Ink composition containing surfactant sol' (Filing no.: PNS224, filed on 
6 September 1995); 

*Ink composition for DOD printers with Krafft point near the drop 
selection temperature sol* (Filing no.: PN6240, filed on 30 October 1995); and 
10 'Dye and pigment in a nucroemulsion based ink' (Hling no.: PN6241, filed 

on 30 October 1995). 



Qpcratiott Usinp Reduction nf Vixcnritv 

As a second example, operation of an embodiment using Aennal 
reduction of viscosity and proximity drop separation, in combination with hot melt 

15 ink, is as follows. Prior to operation of the printer, solid ink is melted in the 

reservoir 64. The reservoir, ink passage to the print head, iok channels 75, and print 
head 50 are maintained at a temperature at ix^iich the ink 100 is liquid, but exhibits a 
relatively high viscosity (for example, approximatdy 100 cP). The Ink 100 is 
retained in die nozzle by the surface tension of the ixik The ink 100 is f onnulated so 

20 that the viscosity of the ink reduces with increasing temperature. The ink pressure 
oscillates at a fiequmcy which is an integral multiple of die drop ejection frequency 
from Ae nozzle. Tht ink pressure oscillaiion causes oscillations of the ink meniscus 
at the nozzle tips, but diis oscillation is small due to die hi^ ink viscosity. At the 
normal operating tempmture, these osdDaiions are of insufficient amplitude to 

25 result in drop separation. When the heater 103 is energized, the ink forming the 
selected drop is heated, causing a reduction in viscosity to a value which is 
preferably less than 5 cP. The reduced viscosity results in the ink meniscus moving 
further during the high pressure part of the ink pressure cycle. The recording 
meditmi 51 is arranged suffidendy close to the print head 50 so that the selected 

30 drops contact the recording medium 51 , but suffidendy far away that the unselected 
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drops do not contact the recording medium 51. Upon contact with the recording 
medium 51 , part of the selected drop freezes^ and attaches to the recording medium. 
As the ink pressure falls, ink begins to move back into the nozzle. The body of ink 
separates from the ink which is frozen onto the recording medium. The meniscus of 
5 the ink 100 at the nozzle tip then returns to low amplitude oscillatioiL The viscosity 
of the ink increases to its quiescmt level as remaining heat is dissipated to the bulk 
ink and print head. One ink drop is selected, separated and forms a spot on the 
recording medium 51 for each heat pulse. As the heat pulses are electrically 
controlled, drop on demand Inkjet operation can be achieved. 

10 Manuf acturiny of Print Heads 

Manufacturing processes for monolithic print heads in accordance 
with the present invention are described in the foUowing Australian patent 
specifications filed on 12 ^ril 1995, tihe disdosure of which are hereby 
incorporated by reference: 
15 'A monolitiiic LIFT printing head' (Hling no.: PN2301); 

'A manufacturing process for monoHthic LEFT printing heads* (Filing no.: 
PN23Q2); 

'A self-aligned heater design for LIFT print heads' (Filing no.: PN2303); 
'Integrated four color LIFT print heads' (Ealing no.: PN2304); 
20 'Power requimnent reduction in monolithic LIFT printing heads' (Filing 

no.:PN2305); 

'A manufacturing process for monolithic LIFT print heads using 
anisotropic wet etching' (FDing no.: PN2306); 

'Nozzle placement in monolithic drop-on-demand print heads* (Filing no.: 
25 PN2307); 

'Heater structure for monolithic LIFT print heads' (Filing no.: PN2346); 
'Power supply connection for monolithic LIFT print heads' (Filing no.: 
PN2347); 

'External connections for Proximity LIFT print heads* (Filing no.: 
30 PN2348); and 
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'A sdf-aligned manufacturing process for monolithic LIFT print heads* 
(Filing no.: PN2349): and 

'CMOS process compatible fabrication of LEFT print heads' (Filing no.: 
PN5222, 6 September 1995). 
5 'A manufacturing process for LIFT print heads with nozzle rim heaters' 

(Filing no.: PN6238, 30 October 1995); 

'A modular LIFT print head' (Filing no.: PN6237, 30 October 1995); 

"Method of increasing packing density of printing nozzles' (Filing no.: 
PN6236, 30 October 1995); and 
10 ^Nozzle dispersion for reduced electrostatic interaction between 

simultaneously printed droplets* (Filing no.: PN6239» 30 October 1995). 

CQBirolofPrim Hgads 

Means of providing page image data and controlling heater 
temperature in print heads of the present invention is described in the following 
15 Australian patent specifications filed on 12 April 1995, the disdosure of which are 
hereby incorporated by reference: 

'Integrated drive circuitry in LIFT print heads' (Filing no.: PN2295); 
'A nozzle clearing procedure for Liquid Ink Fault Tolerant (LIFT) 
printing' (Filing no.: PN2294); 
20 'Heater power compensation for temperature in LIFT printing systems' 

(Filing no.: PN2314); 

'Heater power compensation for thermal lag in LIFT printing systems' 
(Filing no.: PN2315); 

'Heater power compensation for print density in LIFT printing systems' 
25 (Filing no.: PN2316); 

'Accurate control of temperature pulses in printing heads* (Filing no.: 
PN2317); 

'Dau distribution in monolithic LIFT print heads' (Hling no.: PN2318); 
'Page image and fa\ilt tolerance routing device for LIFT printing systems' 
30 (FOing no.: PN2319); and 
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•A removable pressurized liquid ink cartridge for LIFT printers' (Filing 
no.: PN2320). 

Imagg Progcssing for Prim Heads 

An objective of printing systems according to the invention is to 
5 attain a print quality which is equal to that which people are accustomed to in 

quality color publications printed using offset printing. This can be achieved using a 
print resolution of approximately 1,600 dpi. However, 1,600 dpi printing is difficult 
and expensive to achieve. Similar results can be achieved using 800 dpi printing, 
with 2 bits per pixel for cyan and magenta, and one bit per pixel for yellow and 
10 black. This color model is herein called CC*MM*YK. Where high quali^ 

monochrome image printing is also requiredt two bits per pixd can also be used for 
blade Hiis color model is herein called CX:*MM*YKK\ Color models, halftoning, 
data compression, and real-time e3q>ansion systems suitable for use in systems of 
this invention and other printing systms are described in the following Australian 
IS patent specifications filed on 12 April 1995, the disclosure of which are h«eby 
incorporated by reference: 

Tour levd ink set for bi-levd color printing' (Filing no.: PN2339); 
'Compression system for page images* OFiling no.: PN2340); 
'Real-time expansion apparatus for compressed page images* (Filing no.: 
20 PN2341);and 

'High capadty compressed document image storage for digital color 
printers' (Filing no.: PN2342); 

'Improving JPEG compression in the presrace of xexV (Filing no.: 
PN2343); 

25 'An expansion and halftoning device for compressed page images* (Filing 

no.: PN2344); and 

'Improvements in image halftoning* (Filing no.: PN234S). 
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Annlicattons Using Print Heads AccordiTiy tn this Inventinn 

Printing apparatus and methods of Ais inventira are suitable for a 
wide range of applications» including (but not limited to) the following: color and 
monochrome ofBce printing, short run digital printing, high speed digital printing, 
5 process color printing, spot color printing, offset press supplemental printing, low 
cost printers using scanning print heads, high speed printers using pagewiddi print 
heads, portable color and monochrome printers, color and monochrome copiere, 
color and monochrome facsimile machines, combined printer, facsimile and copying 
machines, label printing, large fomiat plotters, photographic duplication, printers for 
10 digital photographic processing, portable printers incofporated into digital 'instant' 
cameras, video printing, printing of PhotoCD images, portable printers for 'Peraonal 
Digital Assistants*, wallpaper printing, indoor sign printing, billboatd printing, and 
fabric printing. 

Printing systems based on fliis invention are described in die 
IS following Australian patent specifications filed on 12 April 1995, tiie disclosure o[ 
which are hereby incoiporated by reference: 

'A high speed color ofiSce printer with a high capacity digital page image 
store* (Filing no.: PN2329); 

*A short run digital color printer with a high capacity digital page image 
20 store* (Filing no.: PN2330); 

'A digital color printing press using LIFT printing technology* (Filing no.: 
PN2331); 

*A modular digital printing press' (Filing no.: PN2332); 
*A high speed digital fabric printer' (Filing no.: PN2333); 
25 *A color photograph copying system' (Filing no.: PN2334); 

*A high speed color photocopier using a LIFT printing system' (Filing no.: 
PN2335); 

'A portable color photocopier using LIFT printing technology' (Filing no.: 
PN2336); 

30 'A photograph processing system using LIFT printing technology' (Filing 

no.: PN2337); 
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*A plain paper facsimile machine using a LIFT printing system* (Rling 
no.: PN2338); 

'A PhotoO) system with integrated printer* (Filing no.: PN2293); 
*A color plotter using LIFT printing technology* (Filing no.: PN2291); 
S 'A notebook computer with integrated LIFT color printing system* (Filing 

no.: PN2292); 

'A portable printer using a LIFT printing system* (Filing no.: PN2300); 
'Fax machine with on-line database interrogation and customized magazine 
printing* (Filing no.: PN2299); 
10 'Miniature portable color printer* (Filing no.: PN2298); 

'A color video printer using a LIFT printing system* (Filing no.: PN2296); 

and 

'An integrated printer, copier, scanner, and facsimile using a LIFT printing 
system' (Filing no.: PN2297) 

15 Comncnsatinn nf Prim Heads for Environmcnta] Cnnditinns 

It is desirable that drop on demand fninting systems have consistent 
and predictable ink drop size and position. Unwanted variation in ink drop size and 
position causes variations in Ae optical density of the resultant print, reducing the 
perceived print quality. These variations should be kept to a small proportion of fhe 

20 nominal ink drop volume and pixel spacing respectively. Many mvironm»tal 
variables can be comprasated to reduce their effect to insignificam levels. Active 
compensaticm of some factors can be achieved by varying the power applied to the 
nozzle heaters. 

An optimum temperature profile for one print head onbodiment 
25 involves an instantaneous raising of the active region of the nozzle tip to the 

ejection temperature, maintenance of this region at the ejection temperature for the 
duration of the pulse, and instantaneous cooling of the region to the ambient 
temperature. 

This optimum is not achievable due to the stored heat capacities and 
30 thermal conductivities of the various materials used in the fabrication of the nozzles 
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in accordance widi the invention* However, improved peifoimance can be achieved 
by shaping the power pulse using curves which can be derived by iterative 
refinement of finite dement simulation of the print head. The power applied to the 
heater can be varied in time by various techniques, including, but not imittPtfi iq: 
5 1) Varying the voltage applied to the heater 

2) Modulating the width of a series of short pulses (PWM) 

3) Modulating the frequency of a series of short pulses (PFM) 

To obtain accurate results, a transient fluid dynamic simulation with 
free surface modeling is required, as convection in the ^wV , and ink flow, 
10 significantly affect on the temperature achieved wiA a specific power curve. 

By the incorporation of appropriate digital circuitry on the print head 
substrate, it is practical to individually control the power applied to each nozzle. 
One way to achieve this is by 'broadcasting* a variety of different digital pulse trains 
across the print head chip, and selecting the impropriate pulse train for each nozzle 
15 using mult^lexing drcuits. 

An exanople of the environmental factors which may be compensated 
for is listed in the table ^'Ccmipensation for environmental factors*'. This table 
identifies which eoviranmental factors are best compensated globally (for the entire 
print head), per chip (for each chip in a composite multi-chip print head), and per 
20 nozzle. 



Condensation for environmental factors 



Factor 
compensated 


Scope 


Sensing or user 
control method 


Compensatioii 
mechanism 


Ambient 
Temperature 


Global 


Temperature sensor 
mounted on print head 


Power supply voltage 
or global PFM patterns 


Power supply 
voltage fluctuation 
with number of 
active nozzles 


Global 


Predictive active 
nozzle count based on 
print data 


Power supply voltage 
or global PFM patterns 


Local heat build- 
up with successive 
nozzle actuation 


Per 
nozzle 


Predictive active 
nozzle coxmt based on 
print data 


Selection of 
appropriate PFM 
pattern for each printed 
drop 
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Drop size control 
for multiple bits 
per pixel 


Per 
nozzle 


Image data 


Selection of 
appropriate PFM 
pattern for each printed 
drop 


Nozzle geometry 
variations between 
wafers 


Per 

chip 


Factory measurement, 
datafile supplied with 
print head 


Global PFM patterns 
per print head chip 


Heater lesistiviQr 
variations between 
wafers 


Per 
chip 


Factory measurement, 
datafile supplied with 
print head 


Global PFM patterns 
per print head chip 


User image 

intensity 

adjustment 


Global 


User selection 


Power supply voltage, 
electrosutic 
acceleration voltage, or 
ink pressure 


Ink surface tension 
reduction method 
ana iniesnoia 
tempouture 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 


Ink viscosity 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 
and/or clock rate 


Ink dye or pigment 
concmtradon 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 


Ink response time 


Global 


Ink cartridge sensor or 
user selection 


Global PFM patterns 



Most applications will not require compensation for all of these 
variables. Some variables have a minor effect, and compensation is only necessary 
whwe very high image quality is required 



5 Primhfrfl<1 drive cgcmt8 

Figure 4 is a block schematic diagram showing electronic operation 
of an example head driver dicuit in accordance with this invention. This control 
circuit uses analog modulation of the power supply voltoge applied to the print head 
to achieve heater power modulation, and does not have individual conurol of the 
10 power ^plied to each nozzle. Figure 4 shows a block diagram for a system using an 
800 dpi pagewidth print head which prints process color uang the (X'MM' YK 
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color modd. The print head 50 has a total of 79,488 nozdes, with 39,744 main 
nozzles and 39J44 redundant nozzles. The main and redundant nozdes are divided 
into six colors, and each color is divided into 8 drive phases. Each drive phase has a 
shift register ^ch converts the serial data from a head control ASIC 400 into 
S parallel data for enabling heater drive circuits. There is a total of 96 shift registers, 
each providing data for 828 nozzles. Each shift register is composed of 828 shift 
register stages 217, the ou^uts of which are logically anded with phase enable 
signal by a nand gate 215. The output of the nand gate 215 drives an inverting 
bufTer 216, which in turn controls the drive transistor 201. The drive transistor 201 

10 actuates the electrothemial heater 200, which may be a heatw 103 as shown in 
figure 1(b). To maimain the shifted data valid during the enable pulse, the clock to 
the shift register is stopped tfie enable pulse is active by a clock stopper 218, which 
is shown as a single gate for clarity, but is prefinrably any of a range of well known 
glitch free dock control circuits. Stopping Ae dock of the shift register removes 

15 the requirement for a paralld datalatdi in the print head, but adds some complexly 
to the control circuits in the Head Control ASIC 400. Data is routed to either die 
main nozzles or tiie redundant nozzles by the data router 219 depending on the state 
of the qjpropriate signal of the fauh status bus. 

The print head shown in figure 4 is simplified, and does not show 

20 various means of improving manufacturing yidd, such as block fault tolerance. 

Drive circuits for different configurations of print head can readily be dmvtd from 
the apparatus disclosed herein. 

Digital information representing patterns of dots to be printed on the 
recording medium is stored in the Page or Band monory 1513, which may be the 

25 same as the Image memory 72 in figure 1 (a). Data in 32 bit words representing dots 
of one color is read from die Page or Band memory 1513 using addresses sdected 
by the address mux 417 and control signals generated by the Memory Interface 418« 
These addresses are generated by Address generators 41 1, which foims part of the 
'Per color circuits' 410, for which there is one for each of the six color components, 

30 The addresses are generated based on die positions of the nozzles in relation to die 
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print medium. As the relative position of the nozzles may be di£ferent for different 
print heads, the Address generators 41 1 are preferably made programmable. The 
Address generators 411 normally generate the address corresponding to the 
position of the main nozzles. However, when faulty nozzles are present, locations of 

5 blocks of nozzles containing faults can be marked in the Fault Map RAM 412. The 
Fault Map RAM 412 is read as fte page is printed. If the memory indicates a fault 
in the Uock of nozzles, the address is altered so that the Address graerators 411 
generate the address conespondsng to the position of the redundant nozzles. Data 
read from the Page or Band memory 1513 is latched by the latch 413 and converted 

10 to four sequential bytes by the multiplexer 414. liming of these bytes is adjusted to 
match that of data repres»ating other colors by the FIFO 415. This data is tim 
buffered by tiie buffi^ 430 to form the 48 bit main data bus to the print head 50. 
The data is buffned as the print head may be located a relatively long distance from 
the head control ASIC Data from the Fault Map RAM 412 also fomis the input to 

15 the FIFO 416. The timing of tiiis data is matched to the data output of the FIFO 
415, and buffered by the buffer 431 to form tiie fanh status bus. 

The programmable power supply 320 provides power for the head 
50. The voltage of tiie power supply 320 is controlled by the DAC 313, which is 
part of a RAM and DAC combination (RAMDAQ 316. The RAMDAC 316 

20 contains a dual port RAM 317. The contents of the dual port RAM 317 are 

programmed by the Microcontroller 315. Temperature is compensated by changing 
the contents of the dual port RAM 317. These values are calculated by tiie 
microcontroller 315 based on temperature sensed by a thermal sensor 300. The 
thermal sensor 300 signal coxmects to the Analog to Digital Converter (ADC) 311. 

25 The ADC 3 1 1 is preferably incorporated in the Microcontroller 315. 

The Head Control ASIC 400 contains control circuits for thermal lag 
comprasation and print density. Thermal lag compensation requires that the "power 
supply voltage to the head 50 is a rapidly time^varying voltage which is 
synchronized with the enable pulse for the heater. This is achieved by programming 

30 the programmable power supply 320 to produce this voltage. An analog time 
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vatying programming voltage is produced by ifae DAC 313 based upon data read 
from the dual port RAM 317. The data is lead accotding to an address produced by 
the countor 403. Hie counter 403 produces one complete cycle of addresses during 
the period of one enable pulse. This synchronization is ensured, as the counter 403 
5 is clocked by the system clock 408, and the top count of the counter 403 is used to 
clock the enable coimter 404. The count from the enable counter 404 is then 
decoded by the decoder 405 and buffered by the buffer 432 to produce the enable 
pulses for the head 50. The counter 403 may include a prescaler if the number of 
states in the count is less than the number of clock periods in one enable pulse. 

10 Sixteen voltage states are adequate to accuratdy comprasaie for the heater dimnal 
lag. Tliese sixteen states can be specified by using afour fait connection betwea the 
counter 403 and the dual port RAM 317. However, these sixteen states may not be 
lineariy spaced in time. To allow non-linear timing of these states the counter 403 
may also include a ROM or other device which causes the counter 403 to count in a 

15 non-linear fashion. Alternatively, fewer than sixteen stales may be used. 

For print density compensation, the printing density is detected by 
counting the number of pixds to which a drop is to be printed (*on' pixels) in each 
oiable period. The 'on' pixels are counted l^tiie On pixel counters 402. There is 
one On pixel counter 402 for each of the eight enable phases. The number of enable 

20 phases in a print head in accordance with the invention depend upon the specific 
desigTL Four, eight, and sixteen are convenient numbers, though there is no 
requirement that die number of enable phases is a power of two. The On Pixel 
Coimters 402 can be composed of combinatorial logic pixel counters 420 which 
determine how many bits in a nibble of data are oil This number is then 

25 accumulated by the adder 421 and accumulator 422. A latch 423 holds the 

accumulated value valid for the duration of the enable pulse. The multiplexer 401 
selects the output of the latch 423 which corresponds to the current enable phase, 
as determined by the enable counter 404. The output of the multiplexer 401 forms 
part of the address of the dual port RAM 317. An exact count of the numb^ of 'on* 

30 pixels is not necessary, and the most significant four bits of this count are adequate. 
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CombiniBg the four bits of thennal lag compensation address and the 
four bits of print density compensation address means that the dual port RAM 317 
has an 8 bit address. This means that the dual port RAM 317 contains 256 numbers, 
which are in a two dimensional array. These two dimensions are time (for thennal 

5 lag compensation) and print densi^. A third dimension • temperature - can be 
included As the amfaioit tmperature of the head varies only slowly, the 
microcontroller 315 has sufficient time to calculate a matrix of 2S6 numbers 
compensating for themial lag and print doisity at die current temperature. 
Periodically (for example, a few times a second), the microcontroU^ senses the 

10 current head temperature and calculates this matrix. 

The dodc to the print head SO is generated from die system clock 
408 by the Head dock graerator 407, and buffered by the buffer 406. To facilitate 
testing of the Head control ASIC, JTAG test circuits 499 may be inchided. 

rnmparison with t^ftrmftl inV iftt tftchnolnpv 

IS The taUe ''Conqparison between Thmnal ink jet and Present 

btveaticm** compares the aspects of printing in accordance witii die present 
invention with thennal ink jet printing technology. 

A direct comparison is made between the present invention and 
thermal ink jet technology because both are drop on demand systons which operate 

20 using thermal actuators and liquid ink. Although they may appear similar, the two 
technologies operate on different principles. 

Thermal ink jet printers use the following fundamratal operating 
principle. A thermal impulse caused by electrical resistance heating results in the 
explosive formation of a bubble in liquid ink. Rapid and consistent bubble formation 

2S can be achieved by superheating the ink, so that sufficient heat is transferred to the 
ink before bubble nucleation is complete. For water based ink, ink temperatures of 
approximatdy 280'*C to 4(X)**C are required. The bubble fomiation causes a 
pressure wave which forces a drop of ink from the aperture with high velod^. The 
bubble liicn coI]sq>ses, drawing ink from the ink reservoir to re^fill the nozzle. 

30 Thermal ink jet printing has been highly successful commercially due to tiie high 
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nozzle pacldng density and the use of well established integrated dicuit 
manufacturing techniques. However, thermal ink jet printing technology faces 
significant technical problems including multi-part precision fabrication, device 
yield, image resolution, ^pepper' noise, printing speed, drive transistor power, waste 
5 power dissipation, satellite drop fomiation, thermal stress, differential thermal 
e^ansion, kogation, cavitation, rectified diffusion, and difiEiculties in ink 
formuladan. 

Printing in accordance with the present invention has many of the 
advantages of thermal ink jet printing, and completely or substantially rftwiitiytf^ 
10 many of die inherent proUems of thermal ink jet tedmology. 



CoTnparison between Thermal Inkjet and Present Invention 





niermal Ink* Jet 


Present Invention 


Drop selection 
mechanism 


Drop ejected by pressure 
wave caused by themially 
induced bubble 


Choice of surface tension or 
viscosity reduction 


Drop separation 
mechanism 


Same as drop selection 
mechanism 


Choice of proximity, 
electrostatic, magnetic, and 
other methods 


Basic ink carrier 


Water 


Water, microemulsion, 
alcohol, glycol, or hot melt 


Head constraction 


Precision assembly of 
nozzle plate, ink channel, 
and substrate 


Monolithic 


Per copy printing 
cost 


Very high due to limited 
print head life and 
expensive inks 


Can be low due to 
pennanent print heads and 
wide range of possible inks 


Satellite drop 
formation 


Significant problem which 
degrades image quality 


No satellite drop formation 


Operating ink 
temperatnre 


280Xto400^C (high 
temperature limits dye use 
and ink formulation) 


Approx. 70^C (depends 
upon ink fonnulation) 
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Peak heater 
temperature 


400^Ctol.000*C (high 
temperature reduces device 
life) 


Approx. laO^'C 


Cavitation (heater 
erosion by babble 
collapse) 


Serious problem limiting 
head life 


None (no bubbles are 
fonned) 


Kogation (coating 
of heater by ink 
adi) 


Serious problem limiting 
lead life and ink 
fomiulation 


: ^one (water based ink 
temperature does not exceed 
lOO^^Q 


Rectified difAision 
(formation of ink 
bobbles due to 
pressure oydes) 


Serious problem limiting 
ink formulation 


Does not occur as the ink 
pressure does not go 
negative 


Resonance 


Senous problem limitmg 
nozzle design and 
repetition rate 


Very small ^ect as 
pressure waves are small 


Practical resolution 


Approx. 800 dpi max. 


Approx. 1,600 dpi max. 


Self-cooling 
operation 


No (high raergy required) 


Yes: printed ink carries 
away drop selection energy 


Dron eiection 
▼dodty 


High (approx. 10 m/sec) 


Low (approx. 1 m/sec ) 


Crosstalk 


Serious problem requiring 
careful acoustic design, 
which limits nozzle refill 
rate. 


Low velocities and 
pressures associated with 
drop ejection make crosstalk 
very small. 


.Operating fliermal 
stress 


Serious problem limiting 
print-head life. 


Lowz maximum temperature 
increase approx. 90'*C at 
cratre of heater. 


Manufacturing 
thermal stress 


Senous proDiem nmitmg 
print-head size. 


oamc as sianoaiu v.jviwd 
manufacturing process. 


urop seiecuon 
energy 


Approx. |AJ 


Anorox. 270 nJ 


Heater pulse period 


Approx. 2-3 ^s 


Approx. 15-30 \ls 


Average heater 
pulse power 


Approx. 8 Watts per 
heater. 


Approx. 12 mW per heater. 
This is more than 500 times 
less than Thermal Ink-Jet 


Heater pulse 
voltage 


Typically approx. 40V. 


Approx. 5 to lOV. 
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Heater peak pulse 
current 


Typically q)prox. 200 mA 
per heater. This requires 
bipolar or very large MOS 
drive transistors. 


Approx. 4 mA per heater. 
This allows the use of small 
MOS dnve transistors. 


r auit tolerance 


Not implemented. Not 
practical for edge shooter 
type. 


Simple implementation 
results in bett^ yield and 
reliability 


— ri ^ 1 11 turn < n .. * * 

constraints on ink 
composition 


Many constraints including 
kogation, nucleation, etc. 


Temperature coefficient of 
surface tension or viscosity 
must be negative. 


Ink pressure 


Atmospheric pressure or 
less 


Approx. 1.1 atm 


Integrated drive 
circuitry 


Bipolar circuitry usuaUy 
requirco cue to mgn onve 
current 


CMOS, nMOS, or bipolar 


mfferential 
flierma] expansion 


Significant problem for 
large print heads 


Monolithic construction 
reduces problem 


Pagewidtti print 
heads 


Major problems with yield, 
cost, precision 
construction, head life, and 
power dissipation 


High yield, low cost and 
long life due to fault 
tolerance. Self cooling due 
to low power dissipation. 



Yidd md Fault TQlciancc 

Jn most cases, monolitfaic integrated drcidts cannot be repaired if 
they are not completely functional when manufactured. The percentage of 
5 operational devices which are produced from a wafm run is known as the yield. 
Yield has a direct influence on manufacturing cost A device with a yield of 5% is 
effecdvely ten times more esqiensive to manufacture than an identical device with a 
yield of 50%. 

There are three major yield meastirements: 

10 1) Fab yield 

2) Wafer sort yield 

3) Final test yield 

F6r large die» it is Q^ically the wafer sort yield which iis the most 
serious Bmitation on total yield. Full pagewidth color heads in accordance with this 
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invention arc vciy large in comparison with typical VLSI circuits. Good wafer sort 
yield is critical to the cost-effective manufacture of such heads. 

Hgurc 5 is a gr^h of wafer sort yield versus defea density for a 
monolithic fall width color A4 head embodiment of the invention. The head is 215 

5 mm long by S imn wide. The non fault tolerant yield 198 is calculated according to 
Muiphy's method, which is a widely used yidd prediction method With a defect 
drasi^ of one defect per square cm, Muxphy's method predicts a yield less than 
1%. This means that more than 99% of heads fabricated would have to be 
discarded. This low yield is highly undesirable, as the print head manufacturing cost 

10 becomes unacceptably high. 

Murphy's method i^roximates the effect of an uneven distribution 
of defects. Figure 5 also includes a graph of non fault tolerant yield 197 which 
explicitiy models the clustering of defects by introducing a defect clustering factor. 
The defect clustering factor is not a controllable paramet^ in manufacturing, but is 

IS a characteristic of ifae manufacturing process. The defect clustering factor for 

manufacturing processes can be expected to be approximately 2, in which case yield 
projections closely match Murphy's method. 

A solution to the problem of low yield is to incorporate fault 
tolerance by including redundant functional units on the chip which are used to 

20 replace faulty functional units. 

In memory chips and most Wafer Scale Integration (WSI) devices, 
the physical location of redundant sub-units on the chip is not important However, 
in printing heads the redundant sub-unit may contain one or more printing 
actuators. These must have a fixed spatial relationship to the page being printed. To 

25 be able to print a dot in the same position as a faul^ actuator, redundant actuators 
must not be displaced in ihc non-scan direction. However, faulty actuators can be 
replaced with redundant actuators which are displaced in the scan directioiL To 
ensure diat the redundant actuator prints the dot in the same position as the faul^ 
actuator, the data timing to the redundant actuator can be altered to compensate for 

30 the displacement in the scan directioiL 
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To allow rqilacement of all nozdes. there must be a complete set of 
spate nozzles, which results in 100% redundancy. The lequiranent for 100% 
redundancy would normally more tiian double the chip area, dramatically reducing 
the primary yield before substituting redundant units, and thus eliminating most of 

5 the advantages of fault tolerance. 

However, with print head embodiments according to this invention, 
the minimum physical dimensions of die head chip are determined by the width of 
the page being printed, the fragility of the head chip, and manufacturing constraints 
on fabrication of ink channels which supply ixdc to the back surface of the chip. The 

10 minimum practical size for a full width, full color head for printing A4 size ps^r is 
approximately 215 mm x 5 mm. This size allows the inclusicm of 100% redundancy 
without significantly increasing chip area, when using 1.5 ixm CMOS fabricaticm 
tedmology. Therefore, a high level of fault tolerance can be included without 
significantly decreasing primary yield 

15 When fauh tolraance is included in a device, standard yield equations 

carmot be used. Listead, the mechanisms and degree of fault tolerance must be 
specifically analyzed and included in the yield equadoiL Hgure 5 shows the fault 
tolerant sort yield 199 for a full width color A4 head which includes various forms 
of fault tolerance, the modeling of which has been included in the yield equation. 

20 This grsph shows projected yield as a function of both defect density and defea 
clustering. Ihe yield projection shown in figure 5 indicates that thoroughly 
implemented fault tolerance can increase wafer sort yield from imder 1% to more 
than 90% under identical manufacturing conditions. This can reduce the 
manufacturing cost by a factor of 100. 

25 Fault tolerance is highly recommended to improve yield and 

rdiability of print heads containing thousands of printing nozzles, and thereby make 
pagewidth printing heads practical. However, fault tolerance is not to be taken as an 
essential part of the present inventicm. 
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Fault tolerance in drop*on-demand printing systems is described in 
the following Australian patent specifications filed on 12 April 1995, the 
disclosure of which are hereby incorporated by reference: 

'Integrated fault tolerance in printing mechanisms' (Filing no.: PN2324); 
5 'Block fault tolerance in integrated printing heads' (Filing no.: PN232S); 

'Nozzle duplication for fault tolerance in integrated printing heads* (Filing 
no.: PN2326); 

'Detection of faulty nozzles in printing heads' (Filing no.: PN2327); and 
'Fault tolerance in high volume printing presses* (Filing no.: PN2328). 

10 YidgQ printers using goncurrgnt drop selection and drop scparatjon prim heads 
The table ^Txample product spedfications/* shows tfie 
specifications of one possible configuration of a color video printer using 
concurrent drop selection and drop separation printing technology. 



Example product specifications 



Configuration 


Portable* small format 


Printer type 


Full width printing head 


Number of nozzles 


9t440 active nozzles, 9»440 spare nozzles 


Print size 


150 mm X 100mm 


Print speed 


1 second 


Printer resolution 


600 dpi» digitally halftoned 


Video formats 


PAL, NTSC (Composite and S-Video) 


Video processing 


Digital (DSP) 


Video memory 


Full frame (1 MByte) 


Dimensions (W X D X H) 


Approx. 140 X 200 X 200 mm 


Color calibration 


Automatic 



15 



The table "LIFT head type Photo-4-600'' is a summary of some 
characteristics of an example full color monolithic printing head capable of printing 
a photograph size image at 600 dpi in one second. 
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HgiuB 6 shows a schematic process diagram of a video printer using 
concurrent drop selection and drop sq)aration printing technology. The blodcs in 
this diagram rqnnesent discrete functions» irrespective of their implemmtations. 
Some of the blocks are electronic hardware, some are computer software* some are 
S electromechanical units, and some are mechanical units. Some of the blocks aie 
subsystems, which may include electronic hardware, software, mechanics, and 
optics. 

The image to be printed derives from a video source 525. This video 
source may be in any video fonnat, including PAL, NTSC, S-'S^deo, RGB 

10 component video, CCIR601 digital video, or MAC. High resolution video sources, 
such as HDTV, may also be used. Computer video formats, such as VGA, SVGA, 
and workstation video outputs may also be used. Each video format requires 
conversion into a format suitable for storage in the digital frame store 529. This 
c onverdon is accomplished by ibt use of a video di^tizer 526 and digital video 

15 decoder 527. For PAL and NTSC television, the Philips 1DA8708 is a suitable 
device for die video dBgrdzer, and a Philips SAA7197 is a suitable digital decoder. 
Alternative configurations are possible. For example, an analog decode nuiy be 
used. The output ctf this analog decodmnay then bediptized usmg an analog to 
distal converter. If a direct digital video connectira is used, then no analog to 

20 digital converter is required. Various video formats do not require a video decoder. 
An example is RGB component video, or analog RGB ouq)uts from personal 
computers and workstations. In this case, only the video digitizer function is 
required. The design of systems for video digitizing is well known. The output of 
the video digitizer is raster fonnat continuous tone image data, which may be in a 

25 16 bit per pixel Y,Cr,Cb format, or a 24 bit RGB format, or other suitable frame 
storage format 

A single frame of digital video image information is stored in the 
digital frame store 529 at the user's request This iiLformation may then optionally 
be processed by a digital image processing frmction 528. The digital image 
30 processing is not required to be a real-time process, so may readily be performed in 
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software using a microprocessor. This microprocessor may be the control 
microcomputer 51 1, or may be a separate processor. If very high image processing 
speed is required, then the digital image processing functions may be performed by 
digital electronic hardware* which may be in the form of ASICs* Alternatively, a 
5 combination of digital electronic hardware and software may be used. This 

approach retains the high performance of a digital hardware implementation, and 
tfie flexibility of a software implemmtation. There are many image processing 
functions which may be performed by the digital image processing unit 528. If the 
video source 525 is int^aced, Aen the distal rraioval of inter*fidd motion is 

10 desirable. The image may be di^tally filtered to enhance edges and suppress video 
noise. The image may be color corrected, and adjusted for brightness and contrast 
Special efitects and image filters may be applied. Such techniques are weU known in 
the digital video equipment industry. 

After the digital image processing is complete, the image is ready for 

15 printing. The image data is read from the digital frame store 529 and digitally 

halftoned by the vector error diffusion unit 504. A vector error diffusion algorithm 
is used to achieve a high image quality. This operates by selecting the closest 
printable color in Aree dimensional color space to the desired Colon The difference 
between the desired Color and this printable color is determined. This difference is 

20 then diffused to neighboring pixels. The vector error diffusion unit 504 accepts a 
raster ordered continuous tone input image and generates a bi-levd output with 4 
bits per pixel (one bit for each of cyan, magenta, yellow, and grey). Alternatively, 
the color components can be independendy error diffused, aldiough this provides an 
image of substantially lower quality. It is also possible to dither the continuous tone 

25 image to obtain a bi-level image. In this case, a computer optimized dispersed dot 
ordered dither is reconunmded. 

Jn most color process printing, the colors cyan, magenta, yellow, and 
black (CMYIO are used. In ^s case, image quality can be improved by substituting 
a SO percent drasity neutral grey ink for the black ink. This substitution can be 

30 made because the video images to be printed will ^ically not contain small sized 
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black text, therefore a single-iok black is not required. The use of grey ink provides 
a better color distribution of the sixteen available ink combinations in a pixel. This 
improved color distribution can be used to reduce the visual noise resulting from the 
halftoning process. 

5 This data is then processed by the data phasing and fault tolerance 

system 506. This tmit provides the appropriate delays to synchronize the print data 
with the offset positions of the nozzle of the printing bead It also provides alternate 
data paths for fault tolerance, to compensate for blocked nozzles, faulty nozzles or 
faulty circuits in the print head* 

10 The monolithic printing head 50 prints the image 60 conq^osed of a 

multitude of ink drops onto a recording fni>Hi«m 51. This medium will typically be 
paper, but can also be overhead transparency film, doth, or most other substantially 
flat surfaces which win accept ink drops. 

The bi-level image processed by the data phasing and fault tolerance 

15 circuit 506 provides the pixel data in the correct sequence to the data shift registers 
56. Data sequencing is required to compensate for the nozzle arrangement and the 
movement of the paper. When the data has been loaded into the shift registers, it is 
presented in parallel to the heater driver circuits 57. At the correct time, these driver 
circuits will electronically coxmect the corresponding heaters 58 with the voltage 

20 pulse generated by the pulse shs^er circuit 61 and the voltage regulator 62« The 
heaters 58 heat the tip of the nozzles 59, reducing the attraction of the ink to the 
nozzle surface materiaL Kok drops 60 escape from the nozzles in a pattern which 
corresponds to the digital impulses which have beeri applied to the heater drivn 
circuits. The pressure of the ink in the nozzle is important, and the pressure in the 

25 ink reservoir 64 is regulated by the pressure regulator 63. The ink drops 60 fall 
und» the influence of gravity or another field type tt>wards the paper 5L During 
printing, the pzptr is continuaUy moved relative to the print head by the paper 
transport system 65. As the print head is the full width of the p^r used, it is only 
necessary to move the paper in one direction, and the print head can remain fixed. 

30 The paper may be supplied as pre-cut sheets, in which case the pi^er transport 
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mechanism must acquire and transport the sheets individually past the printing head* 
Alternatively, the paper may be provided in rolls. In this case» an automatic paper 
cutting blade is required. 

The various subsystems are coordinated xmder the control of one or 
5 more control microcomputers 511, which also provide the user interface of the 
sj^tem. 

PhotoCD nrinters using nrint heads 

The table '"Example product specifications/* the specifications of one 
possible configuration of a PhotoCD play^ with integrated color printer based on 
10 LIFT technology. 



Example product specifications 



Configuration 


Portable, table-top 


PrintCTtype 


LIFT full width printing head 


Image source 


PhotoCD images stored on CDROM 


Number of nozzles 


18,880 active nozzles, 18,880 spare nozzles 


Print sizes 


150 mm X 100 mm 


Print speed 


1 second 


Printer resolution 


800 dpi, digitally halftoned 


Image processing 


Digital 


Dimensions (W X D X H) 


Approx. 140 X 200 X 200 mm 


Conneciivi^ 


Optional 



The table •UFT head type Photo-e-SOO** is a summary of some 
characteristics of an example full color monolithic printing head capable of printing 
15 a photograph size image at 600 dpi in one second. 

Figure 6 shows a schematic process diagram of a PhotoCD player 
incorporating a color printer using a printing head. The blocks in this diagram 
represent discrete functionSt irrespective of thdr impl^entations. Some of the 
blocks are electronic hardware, some are computer software, some are 
20 electromechanical units, and some are mechanical units. Some of the blocks are 
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subsystems, which may include electronic haidwaie» software, mechanics, and 
optics. 

Amajor unit in the system is the main processor 590. This is a 
microprocessor, and may be any of a wide variety of microprocessors from several 

5 different manufacturers. The main processor 590 executes computer programs such 
as image decompression and digital halftoning. It also executes a program providing 
the user interface to the system. 

The television or monitor 594 is a standard video display unit This is 
used for viewing the digitally stored photographs prior to printing th^. This unit 

10 would typically not be supplied with the PhotoCD player, but instead would be 
supplied by the uso:. 

A CD-ROM drive 592 is used to access data stored on a PhotoCD 
encoded digital compzd disk. The data stored on the disk is primarily in the f omi of 
digitally encoded images. For each image, sevml image sizes are stored. Low 

15 resolution index images are stored to allow rapid selection of an image to view. 
Television resolution images 596 are also stored. These are^representadons of the 
photographs stored at suffici&Qt tesoludon to obtain a Ugh quality image on a 
television set Whra images are to be viewed on a television set, the image data is 
read from the PhotoCD using Ae CD-ROM drive 592. This image dau is stored in 

20 a video frame store 598, consisting of semiconductor memoiy, timing circuits, data 
paths, and address generators. High resolution images 597 are also stored on the 
PhotoCD. These are stored in digitally compressed form to reduce the time required 
to access an image, andtoincreasedienumber of images that may be stored cm a 
single PhotoCD disc. These images must be decompressed by an image 

25 decompression unit 595 before being viewed or printed. The image decompression 
unit 595 may be implemented either as software running on the main processor 580, 
or as an ASIC or other digital hardware implCTientation. 

When a photographic image is to be printed, a print resolution digital 
image 597 of die photograph is read from the PhotoCD. This data is decompressed 

30 by the image decompression unit 595, and digitally halftoned by the digital 
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halftoning unit 515. The data is then stored in Ae U-level image memory 505. To 
reduce the memoiy requirements of the system, the image data is not stored directly 
after the decompxession process. Instead, decompression and digital halftoning 
occur simultaneously » or in an interleaved manner using a small memory buffer. 

5 For highest quality, the digital halftoning unit 515 can implement a 

vector error diffusion algorithm. This operates by selecting the closest printable 
color in three dimensional color space to the desired Color. The difference between 
the desired Color and this printable color is determined. This difference is then 
diffused to neighboring pixels. The digital halftoning unit 515 accepts a raster 

10 ordered continuous tone (typically 24 bit per pixel) input image and generates a bi- 
level output with 4 bits per pixel (one bit for each of Cyan, Magenta, Yellow, and 
black). This is thm stored in the bi-level image memory 505. 

When a page is to be printed, die Bi-levd image memory 505 is read 
in real-time. This data is dien processed by the data phasing and fault tolerance 

15 system 506. The various subsystems aie coordinated by the main processor 580, or 
by one or mbie slave microcontFolleis. 

Phywcal confiBuratiPD 

There are many possible physical configurati(ms of the invendcm. 

Figure 7(a) shows a top view of video printer, showing the control 
20 buttons 901 and the top edge of the paper and ink cartridge 910, 

Figure 7 (b) shows the same printer from side view. Tlie paper and 
ink cartridge 9 10 is inserted into the prints so the paper is in contaa with the paper 
pick-up roller 912. When a video image is to be printed, a pre-cut sheet of paper is 
picked up from the paper and ink caruidge 910 by the paper pick-up roller 912 and 
25 moved to the paper transport rollers 65. It is then passed beneadi the printing head 
SO, which prints an image derived from the captured video frame. The printed sheet 
51 is ejected from the front of the device. The video capture, image processing, 
print-head control, and other dicuitiy is contained on a circuit board 900. The user 
controls the device by pressing control buttons 901. 
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Figure 8 shows a perspective view of Ae printer, showing the 
control buttons 901 and the top edge of the pi^er and ink cartridge 910. 

The foregoing describes one embodiment of the piesent invention. 
5 Modifications, obvious to those skilled in the art, can be made thereto without 
departing from the scope of the invention. 
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Appendix A 



LIFT head type Photo-4*600 

This Is ft foar color print bead for photograpb (ISOmm x 100 ram) prirnii^. Resoloiion is 600 4pi bi-lcvel for 
nedim quality eo9oL TUs prim bead cftB alio be used for A6 



Basic ipccincatioBt Derivation 



llosoliitio& 600 4a Spet^fieotkm 

MmbeadleitfA IQSmm WidOt^pfim ma,pliu5mm 

Frimbeadwldlb._ 5liim Derivedpomphyskalwidl^sfOuteonMtnunts^imad 

Ink oolon.^ 4 CMYK 

Pixeh per line /liesoUaicn 
Total UngOi €f active printing 

Derived pom scans, UngM per page and dot priMingrau \ 
60A120% print time in seconds) 



Pagesise.^ Pboto 
Mttmawidtb.^ lOOn 
Prim area loiglb.^ ISOin 
psftge priming thnr , ■ 0.7 
Pages per mimste..^ 74 ppm 
Basle IC process.. ^nucfooCMOS 

frnrniTrr* 4.0 MBytes Bimiep memory re^idradfor one eeunicannM pause} 

Pixel spacing 42J |im Heeiproca! resobaian 

Pixels per line -~ 2360 Active nouies / Number of coiort 

Unesperpme-— « 3343 Seandistanee times fesobirian 

Pixels per page—— 8361^480 Pixels per line times lines per page 

Drops per page 33»445^20 Pixels per page simet simultaneous ink eoiars 

Avenge d8B me— 3.9MBytea/Bec PixOs per second • ink colors f B MBiss 

Ejecdoncaevpcr^— 1«387bI Energy applied so heater infisdte element tmntnnm 

Eaetsy 10 prim fiill Made page— S3 J Drop tjection energy times drops per page 

Kecoi«i«iDedliim speed 22.0c8i^ JAresolution times acmaium period times ptmsesl 



Yield ADd cost 



Aermoiiofi 



. Nmnber of chips per bead— 1 

Wsfcrsias 150 mm 

Cblps per wafer — 24 

Prim bead cfalp ana S^cbbP 

Yield without fauh tolersnce — 3.60% 
Yield with fault toleranoe— 92% 
Fnnciionai prim beads per nomb— 221344 
Prim bead assembly cost— S4 
AicmfyoveriieadpcrprimbBad $15 

Wafer cost perprim bead — S14 
Appm. total print heed cost S3 3 



Frameii^^andreeommendedwe/iersite 
Chip width times length 

Using Murphy's medukL d^eadensity^ I peren^ 
See fauh tolemt yield calculations (Dmi/cn^, CFm2} 
Assuming J0,000 wafer starts per moaOt 
Estimate 

Based on $l20m. cost for refiiMshed J J ftm Fab line 
amortised over 5 years, plus 116m. PA, operating cost | 

Based on materials cost of SSOO per wofer 

Sum ef print head assembly, overhead, and wcfer costs I 
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AppendixA (cont'd.) 



LIFT head type Photo*4-600 


Nozzle and actoatlon specifications 


Demadon 






Nimbcr of SBiuniop |****Tii ■ ■ 8 


SpeeVkaicn 


NoBlcsper phue 1,180 




Active Booalet per head— 9^40 


Aauationphasa times nmxUsp^phast 


RfiAmdut *»*'**^^*** per ^^^^ , 9v440 




Total MOides per lieid«^ 18 J80 


Aahftphuftdundantnosdu 


ffc.,,. 1 . |_ - -1,1- 1, * 1 AO It- 

iJtoptiiBpcriioaif 3»3<is nx 


U[htattr actfwr periorf timef numher pfpheau} 


Itaierfafiut 14 J ptm 




Hesicr ihlii film icsUiivity _ 2.3 itOm 


For heater formed from TaAl 


Heater iBiiitiaoe...^ 2,095 O 


From hMerSmetuiptu and misthHty 


Avcnse lieatcr pulse ctncaL..i^ S.6 bA 


Fnmheaserpamermdrmskmee 


Hesnr active perif^d■l^■l 24 |ta 


Frmnfiniu €kment iimuUnkms 


Settlins tibne petweea ptthr.t 168 |u 


Activ€ period * (oeniaiiori phoMM'i) 


Qockpubcf per line _ 1349 


AsnonmgmMpUdoekMwul no tranter regitior 


dock fnqiieoGy..,^ 7.0 MHz 


From dock pulses per Utie, and iines per seeend 


Drive inittittor OB tBtlaiaBec.42 O 


From recotntnent^d dovitse foooMFy 


Average bead drtvcvnUagr 12i>V 


Neater current* (hooter ^drwetransiMtomsistance) 


Drop lelection frmpiTatiiTe— S01C 


TemperatwrmyMeheritkaistai^tesuionisroaehod 


Henerpeakovenm 


From finite element simulations 


Ink sDcclflcatlons 




Basic nk earner ....MM WMer 


Specification 




Suggesudtnethod ofaehieidng mmperamre threshold 


Ink drop v^ome...... 18 pi 


From finite element simtdations 


Ink density 1.030 ftea' 


Black ink densi^ at 60K 


InkAopittstt ■ 1 18.Sng 


ink drop vobtme times ink dansity 


IOl spedfie beat capacfty 4.2 IffCfTC 




Max. caeizy for telf coding 2327 nVdrap 


Inkdrop heat etpadty times tempemturt increase 


Total ink per color per ptge.»_ 0.13 ml 


Drops per page per color dmes drop uoboae 


Maximum ink How rate per color 0.22 ml/see 


ink per etdor per page /page print time 


MI2bladcbikeovmse«..M. 4a2iiilAn* 


ink drop volume X colors X drops p^ square tnetre 


Section ink siiifaoetBBsion...MM BZJnN/tai 


Suifaoe tension required Jbr^ectien 


Ink pressntc^ S3 kPa 


2 X Section ink surface tension /tioale radius 


Ink oohmin bei^.»». 545 mm 


Ink column heigia so achieve ink pressure 
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1. A color video printer using a printing head comprising 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 

(c) pressure means for subjecting ink in said body of ink to a 
piessure of at least 2% above ambient pressure, at least during drop selection 
and separation; 

(d) drop selection means for selecting predetermined nozzles 
and generating a difference in meniscus position between isk in selected and 
non-selected nozzles; and 

(e) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ink to be 
retained in non*selected nozzles. 

2. A color video printer using a printing head comprising 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 

(c) drop selection means for selecting predetermined nozzles 
and graerating a difference in meniscus position between ink in selected and 

non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink. while allowing ink to be 
retained in non-selected nozzles, said drop selecting means being enable of 
producing said difference in miniscus position in the absence of said drop 
separation means. 

3. A color video printer using a printing head comprising 

(a) a plurality of drop-emitter nozdes; 

(b) a body of ink associated with said nozzles, said ink 
exhibiting a surface tension decrease of at least 10 mN/m over a 3(rC 
tempemture range; 
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(c) drop selection means for selecting predetermined no22le5 
and generating a difference in meniscus position between ink in selected and 
non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ink to be 
retained in non-selected nozzles. 

4. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to bi-level image data; 

(d) a data distribution and timing system v/idch provides the bi-level image 
data to the printing head at the correct time during a printing operation; and 

(e) a U-levd color printing mechanism including a printer having a pxint head 
comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated with said nozzles; 

(3) pressure means for subjecting ink in said body of ink to a 

pressure of at least 2% above ambient pressure, at least 
during drop selection and separation; 

(4) drop selection means for selecting predetemiined nozzles and 

generating a difference in meniscus position between ink in 
selected and nourselected nozzles; and 

(5) drop separating means for causing ink from selected nozzles to 

separate as drops fixmi the body of ink, while allowing ink 
to be retained in non-selected nozzles. 

5. A color video printing apparatus as claimed in claim 4 
where the bi*levd printing mechanism is a single monolithic concurrent drop 
selection and drop separation printing head which can print to the fiill width of the 
photographic print 



BNSDOaO: <WO_863226SA1JL> 



wo 96/32265 



PCT/US96/04907 



-64- 

6. A color video printing apparatus as claimed in claim 4 
vvhere the bi4evel printing mechanism is composed of a plxirality of monolithic 
concurrent drop selection and drop separation printing heads. 

7. A color video printing apparatus as claimed in daim 4 
where the print paper is in the form of pie-cut sheets. 

8. A color video printing s^paratus as claimed in claim 4 
where the print paper is in the form of a continuous roll, and which incorporates an 
automatic paper cutter. 

9. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to U-level image data; 

(d) a data distribution and timing Systran which provides the bi-level image 
data to the printing head at the correct time during a printing operation; and 

(e) a bi-level color printing mechanism including a printer having a print head 
comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated with said nozzles; 

(3) drop selection means for selecting predetermined 
nozzles and generating a difference in meniscus position 
between ixik in selected and non-selected nozzles; and 

(4) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while 
allowing ink to be retained in non-selected nozzles, said 
drop sdecting means being enable of producing said 
difference in miniscus position in the absence of said drop 
separation means. 

10. A color video printing apparatus as claimed in claim 9 
where the bi-level printing mechanism is a single monolithic concurrent drop 
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selecdon and drop separation printixig head which can print to the full width of the 
photogrq>hic print 

1 L A color video printing apparatus as claimed in claim 9 
where the bi-level printing mechanism is composed of a plurality of monolithic 
concurrent drop selection and drop separation printing heads. 

12. A color video printing apparatus as claimed in claim 9 
where the print paper is in the f onn of pie-cut sheets. 

13. A color video printing apparatus as claimed in claim 9 
where the print paper is in the form of a continuous roll, and which incorporates an 
automatic -pdspct cutter. 

14. A color video printing apparatus including: 

(a) a video input format conversion process; 

(b) a digital frame store; 

(c) a digital halftoning unit which converts the continuous tone image data 
stored in said digital frame store to bi-level image data; 

(d) a data distribution and timing system which provides the bi-level image 
data to the printing head at the correct time during a printing operation; and 

(e) a bi-level color printing mechanism including a printer having a print head 
comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of iok associated with said nozzles, said ink 
exhibiting a surface tension deciease of at least 10 mN/m 
over a 30^C temperature rtiige; 

(3) drop selection means for selecting piedetMmined 
nozzles and genmting a difference in meniscus position 
between ink in selected and non-selected nozzles; and 

(4) drop sq)arating means for causing ink from selected 
nozzles to separate as drops from the body of ink. while 
allowing ink to be retained in non-selected nozzles. 
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15. A color video printing apparatus as claimed in claim 14 
where the bi-levd printing mechanism is a single monolithic concurrent drop 
selection and drop separation printing head which can print to the full width of the 
photographic print 

16. A color video printing apparatus as claimed in claim 14 
where the bi-level printing mechanism is composed of a plurality of monolithic 
concuirent drop selection and drop separation printing heads. 

17. A color video printing apparatus as claimed in claim 14 
where the print paper is in the f omi of pie-cut sheets. 

18. A color video printing apparatus as claimed in claim 14 
where the print p^er is in the form of a continuous roll, and which incorporates an 
automatic paper cutter. 

19. A PhotoCD player incorporating a printing mechanism 
using a printing head comprising: 

(a) a plin^^ of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles; 

(c) pressure means for subjecting iiik in said body of ink to a 
pressure of at least 2% above ambient pressure, at least during drop selection 
and separation; 

(d) drop selection means for selecting predetermined nozzles 
and generating a difference in meniscus ix>sition between ink in selected and 

non-selected nozzles; and 

(e) drop sq)aratmg means for causing ink from sdected 
nozzles to separate as drops from the body of ink, wlule allowing ink to be 
retained in non-selected nozzles. 

20. A PhotoCD player incorporating a printing mechanism 
using a printing head comprising: 

(a) a plurali^ of drop-emitter nozzles; 

(b) a body of ink associated with said nozdes; 
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(c) drop selection means for selecting predetennined nozdes 
and generating a difference in mmiscus position between ink in selected and 
non-selected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ink to be 
retained in non*selected nozzles, said drop selecting means being capable of 
producing said difference in miniscus position in the absence of said drop 
separation means. 

21* A PhotoCD player incorporating a printing mechanism 
using a printing head comprising: 

(a) a plurality of drop-emitter nozzles; 

(b) a body of ink associated with said nozzles, said ink 
exhibiting a surface tension decrease of at least 10 mN/m over a 30^C 
temperature range; 

(c) drop selection means for selecting predetemiined nozzles 
and gmerating a difference in meniscus position between ink in selected and 
non-sdected nozzles; and 

(d) drop separating means for causing ink from selected 
nozzles to separate as drops from the body of ink, while allowing ink to be 
retained in non-sdected nozzles. 

22. A PhotoCD player incorporating a printing apparatus 

indttding: 

(a) a computing element; 

G>) digital data storage system; 

(c) a CD-ROM drive; 

(d) an image decompression system; 

(e) a digital halftoning system; 

(f) a bi-levd image memory; 

(g) a data distribution and timing system which provides the bi- 
levd image dau to the printing head at the correct time during a printing 
operation; and 
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(h) a bMevd printing mechanism including a printer having a 
print head comprising: 

(1) a plurality of drop-anitt^ nozzles; 

(2) a body of ink associated with said nozzles; 

(3) pressure means for subjecting ink in said body of 
ink to a pressiire of at least 2% above ambient pressure, at least during drop 
selection and sq>aradon; 

(4) drop selection means for selecting predetermined 
nozzles and generating a difference in meniscus posidon between ink in 
sdected and non-selected nozzles; and 

(5) drop separating means for causing ink from 
selected nozzles to separate as drops from the body of ink, while allowing ink 
to be retained in non-selected nozzles. 

23. A PhotoCD player incorporating a printing apparatus 

including: 

(a) a computing element; 

(b) digital data storage system; 

(c) aC3>-ROMdrive; 

(d) an image decompression syston; 

(e) a digital halftoning system; 

(f) a bi-level image memory; 

(g) a data distribution and timing system which provides the bi- 
level image data to the printing head at the correct time during a printing 
operation; and 

(h) a bi-level printing mechanism including a printer having a 

print head comprising: 

(1) a plurality of drop-emitter nozzles; 

(2) a body of ink associated with said nozzles; 

(3) drop selection means for selecting predetermined 
nozzles and generating a difference in meniscus position between ink in 
selected and non-selected nozzles; and 
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(4) drop separating means for causing ink from 
selected nozzles to separate as drops from the body of ink, while allowing ink 
to be retained in non-selected nozzles, said drop selecting means being 
capable of producing said difference in miniscus position in the absence of 
said drop separation means. 

24, A PhotoC3D player incorporating a printing apparatus 

including: 

(a) a computing elemmt; 

(b) digital data storage system; 

(c) a CD-ROM drive; 

(d) an image decompression system; 

(e) a digital halftoning system; 

(f) a bi-Ievel image memory; 

(g) a data distribution and timing system which provides the bi- 
level image data to the printing head at the correct time during a printing 
operation; and 

(h) a bi-levd printing mechanism including a printer having a 
print head comprising: 

(1) a pluraliQr of drop-emitter nozzles; 

(?) a body of ink associated with said nozzles, said ink 
exhibiting a surface tension decrease of at least 10 mN/m over a 30^C 
temperature range; 

(3) drop selection means for selecting predetermined 
nozzles and graerating a difference in meniscus position between ink in 
selected and non-selected nozzles; and 

(4) drop separating means for causing ink from 
selected nozzles to separate as drops from the body of ink, while allowing ink 
to be retained in non-selected nozzles. 

25. A color video printer substantially as herein described, with 
reference to the accompanying diagrams. 
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ABSTRACT : PROBLEM TO BE SOLVED: To prevent the operation of the printer from being 

overlapped with the operation of charging of a main capacitor of a strobo light emitting 
section in a composite camera. 



SOLUTION: The image pickup device with a printer where the image pickup device with a 
strobo light emitting section 1 1 recording video information onto a recording medium and 
the printer printing out the video information onto recording paper are integrally provided is 
provided with a control means controlling the operation of the strobo light emitting section 
1 1 during the operation of the printer and the control means stops charging of the strobo 
light emitting section 1 1 onto a main capacitor during the printing operation of the printed. 
Furthermore, the control means stops the print operation till the charging to the main 
capacitor is finished when tiie print operation start button 13b to start printing is depressed 
while the main capacitor of the strobo light emitting section 1 1 of the image pickup device 
is being charged. 
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